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ABSTRACT 

While research into improving data quality from analytical 

instrumentation has gone on for decades, only recently has research been 

done to improve information extraction methods. One of these methods, 

correlation analysis, is based upon the shifting of one function 

relative to another and determining a correlation value for each 

displacement. The cross correlation algorithm allows one to compare two 

files and find the similarities that exist, the convolution operation 

combines two functions two dimensionally (e.g. any input into an 

analytical instrument convolves with that instrument response to give 

.the output) and deconvolution separates functions that have convolved 

together. In correlation chromatography, multiple injections are made 

into a chromatograph at a rate which overlaps the instrument response to 

each injection. Injection intervals must be set to be as random as 

possible within limits set by peak widths and number. When the input 

pattern representation is deconvolved from the resulting output, the 

effect of that input is removed to give the instrument response to one 

injection. Since the operation averages all the information in the 

output, random noise is diminished and signal-to-noise ratios are 

enhanced. 

The most obvious application of correlation chromatography is in 

trace analysis. Signal-to-noise enhancements may be maximized by 

xiv 



xv 
treating the output data (for example, with a baseline subtraction) 

before the deconvolution operation. System nonstationarities such as 

injector nonreproducibility and detector drift cause baseline or 

"correlation" noise, which limit attainable signal-to-no;se enhancements 

to about half of what is theoretically possible. 

Correlation noise has been used to provide information about 

changes in system conditions. For example, a given concentration change 

that occurs over the course of a multiple injection sequence causes a 

reproducible correlation noise pattern; doubling the concentration 

change will double the amplitude of each point in the noise pattern. 

This correlation noise is much more amenable to computer analysis and, 

since it is still the result of signal averaging, the effect of random 

fluctuations and noise is reduced. 

A method for simulating conventional coupled column separations 

by means of time domain convolution of chromatograms from single column 

separations is presented. 



CHAPTER 1 

INTRODUCTION 

The proliferation of microprocessors in the chemistry lab in the 

last ten years has had some very profound effects upon the field of 

analytical chemistry. Most routine analyses are now run under machine 

control and many once prohibitively complex data processing techniques 

are readily available in commercial software packages. New instruments 

being manufactured today almost without exception contain some type of 

microprocessor, the capabilities of which are continuously increasing. 

Perhaps more important than automating old experiments and 

analyses, the computer has also allowed the creation of completely new 

experiments and instrumentation (Phillips 1980). Some of the most 

obvious examples of this trend stem from the ability we now have to 

quickly and easily effect the most popular of data processing techniques 

- the Fourier Transform (FT). The FT-IR, FT-NMR, and the FT-MS 

spectrometers, which need the FT to convert sine wave modulation data to 

the frequency domain, are rapidly gaining in popularity due to their 

many distinct advantages over their non-FT counterparts (Griffiths 

1978) • 

1 
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This ready access to the Fourier domain has also dramatically 

simplified a host of signal processing operations, notably, in this 

discussion, correlation techniques. Autocorrelation, cross-correlation, 

convolution and deconvolution are becoming routine operations used in a 

variety of information extraction procedures. They have been especially 

used in processing spectroscopic data, including fluorimetry (Hieftje 

and Haugen 1981), emission UV (Horlick 1973), Raman (Mann, Goleniewski, 

and Sismanidis 1982), mass spectrometry (Bryant, Trivedi, Hinchman, 

Sofranko and Mitacek 1980) and thermal wave imaging (Kirkbright and 

Miller 1983). Other applications of these techniques include 

electrochemistry (Smith 1974), biological research (Ponte and Purves 

1974), gas chromatography (Kaljurand and Kullik 1979a,b) and liquid 

chromatography (Lub, Smit and Pope 1978). It is"the study of 

correlation techniques and their application to gas chromatography which 

is the subject of this discussion. 

Although the data processing parameters may be modified somewhat 

to accommodate each of these areas, the concepts and principles of 

correlation remain the same. Thus, the findings and improvements in 

correlation techniques as applied to gas chromatography can probably be 

applied to all the other areas mentioned as well. The advantage of 

studying correlation techniques using GC ;s that chromatography is a 

well studied and understood field. The signal properties are well known 

and, just as ifTllortantly, the signal is quite adjustable. It may 

contain one or many peaks, whose heights, widths, and shapes are easily 



3 

set in accordance with the situation one wants a correlation technique 

to be tested. Few other fields enjoy this flexibility. But before 

attempting to understanding the specific area of correlation 

chromatography, it may be helpful to first consider some basic concepts 

of chromatography itself. 

Basics of Chromatography 

The goal in any form of chromatographic analysis is, of course, 

to physically separate a mixture and then obtain both qualitative and 

quantitative information on each constituent of that sample. With this 

in mind, each experimental procedure should be structured from start to 

finish to provide data which will give the desired information with the 

accuracy required. Since, in chromatography, this information is 

extracted from peak position, height or area, and shape, it is these 

three characteristics that we wish to understand and optimize. 

Component Identification 

Qualitative information is obtained from the solute's retention 

volume, which reflects the ability of the substance to make its way 

through the stationary phase. In the permeation chromatograp~ies this 

ability is set by molecular size while in the adsorption and partition 

chromatographies (GC, HPLC) it is determined by the attractive forces of 

the stationary phase (as compared to those of the mobile phase) to the 

solute. 
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A comparison of these attractive forces may be expressed in 

several different forms. The distribution constant, K, which is defined 

as 

K = concentration of solute in the stationary phase (1.1) 
concentration of solute in the mobile phase 

and the capacity factor 

k' = total amount of solute in the stationary phase (1.2) 
total amount of solute in the mobile phase 

are two of the most well known of these forms in chromatography. These 

constants represent the preference of the solute for the stationary or 

mobile phases and the larger these constants are, the longer the solute 

will be retained. 

The net retention volume of the solute (V n) is related to this 

equilibrfum constant by the equation 

(1. 3) 

where Vs = volume or area of stationary phase. 

To maintain good qualitative and quantitative accuracy, two 

things should be kept in mind at this point. First, one should use a 

column which will provide substantially different retention volumes for 

each component. This will assure good resolution between neighboring 

peaks, a value determined by the equation (Karger, Snyder and Horvath 

1973) • 

where Rs = Resolution value, 

Rs = 2 (V1 - V2) 
W1 - W2 

(1.4 ) 



v = Net retention volume of components 1 and 2, 

W = Peak width of components 1 and 2. 

5 

Secondly, one should not set conditions to allow exceptionally 

large retention volumes (or values of K). Such a situation both 

requires a large amount of time and mobile phase be spent and greatly 

widens the later eluting peaks, whose location and quantitation is 

thereby made more difficult. In summary, good separation (and good 

qualitative information) requires that the operator set parameters 

(i.e., column length, stationary and mobile phases, column temperature, 

etc.) to spread the sample components over a wide range of retention 

volumes while keeping peak widths as small as possible. 

Quantitation 

Quantitative information may be obtained by measuring peak 

height or peak area. While peak height may often be used in 

concentration measurement, if greater accuracy is necessary (such as 

when working with low SIN signals or relatively wide peaks) integration 

of peak area is required. In either case, standards need to be run 

occasionally to calibrate detector response to the substances being 

analyzed. When changing detectors in an experiment, one must be aware 

that they may have quite different responses to the same solute. For 

example, a thermal conductivity detector (TeO) in gas chromatography 

responds to the thermal conductivity of a solute while the Flame 

Ionization Detector (FlO) responds to the number of ionizahle elements 

it possesses. 
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Peak Shape 

The final bit of information present, the shape of the peak, 

indicates the condition of the interaction between the solute and 

stationary phase. Generally, one always seeks to set conditions to 

obtain symmetrical, Gaussian-shaped peaks. This indicates that one is 

working in the linear region of the isotherm for that system 

(Figure 1.1) and that the distribution constant K, and, thus, the 

retention times are independent of solute concentration. 

There are several reasons why peak asymmetry might occur. The 

most common is that the solute concentration is too high for the column 

being used and has overloaded the stationary phase. This nonlinear 

chromatography may result in two different peak shapes. If one is 

d~aling with a Langmuir isotherm, overloading forces a higher fraction 

of the solute to stay in the mobile phase, thus lowering the apparent 

value of K and the retention time of the peak maxima. Since the peak 

edges will shift little (since the column is not overloaded at these 

points of the solute's progress) a shape distortion will occur. The 

results of this distortion is a tailing peak as shown in Figure 1.1. 

Though less common, one may be faced with the anti-Langmuir 

isotherm. In this case, as the solute overloads the stationary phase it 
. 

shows a cooperative effect and allows a higher fraction of solute to 

enter the stationary phase, increasing K and the solute retention time. 

Again, the peak edges will be less affected resulting in what are termed 

fronting peaks. Finally, peak asymmetry may even be seen at low solute 



Li near Langmuir Anti-Langmuir 

Gaussian Tailing Fronting 

time time 

Fi gure 1.1. Isotherms and their resulting peak shapes 
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concentrations if the stationary phase has a nonhomogeneous surface 

(i.e., sites are present with sufficiently different adsorption energies 

to affect retention times). 

Information Extraction and Chemometrics 

Since its beginning the goal of research in chromatography (and 

many other fields) has been to improve the quality of the detector 

signal itself. For years, work has been done on developing the best 

columns, selecting optimal parameters, cleaning carrier gases and doing 

anything else necessary to improve detector responses while lessening 

its noise. But while this work goes on, another direction of research 

that concentrates on the best methods to extract the usable information 

from the detector signal has appeared. The term "chemometri cs II has been 

coined to describe this research and may be defined as lithe application 

of mathematical and statistical methods to chemical measurements" 

(Kowalski 1978 and 1980). It includes procedures ranging from 

relatively simple variance and error propagation calculations to pattern 

recognition, transform techniques, and image analyses. The need for 

such a field is obvious as can be seen from its growing popularity. 

Often, an analysis is straightforward enough and the signal strong 

enough to allow direct and easy interpretation of the signal. For more 

complicated analyses, however, signal refinement is necessary to obtain 

usable information and chemometrics is required. 

Due to the present availability of microprocessors, the more 

novel and complicated Signal processing techniques are becoming 
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increasingly common. These procedures are probably most often used to 

decrease detection limits but may be used for other purposes (such as 

increasing resolution of merged peaks, removing background instability, 

etc.). Signal processing also presents information in several different 

formats such that other conclusions or insights as to what that 

information represents become possible. Finally, the better information 

obtained often suggests changes in the experiment itself to provide a 

better signal for the processing technique, thus improving the entire 

system. 

Correlation chromatography (CC) is actually as much a field of 

chemometrics as chromatography. While the diversity of chemometrics 

prevents a complete discussion of it here, a review of the specific area 

that CC falls under, correlation techniques, seems"appropriate. 

Correlation Techniques in Multiple Injection Chromatography 

The convolution process is probably the easiest correlation 

technique to understand and, in its simplest form, may be considered a 

means of combining two functions. The integral itself is given by the 

equation 
m 

y(t) = J h(T) X{t-T) dT 
_m 

where y(t) = convolution function of h(t) and x(t) and 

T = displacement of file x(t) relative to h(t). 

but is often represented more simply as (Brigham 1974) 

y(t) = h(t) * x(t) 

(1.5) 

(1.6) 
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As might be seen from equation (1.5), convolution does not mean 

the simple addition of the functions h(t) and x(t), but a combining of 

the two functions such that every point in h(t) affects every point in 

x(t) to give the final convolution. An example of convolution ;s seen 

in the results of a multiple injection input into a gas chromatograph 

(Figure 1.2). The output y(t) caused by input x(t) will be a 

convolution of that input and the instrument response function h(t) 

(i.e., equation (1.6)). This instrument response function (IRF) is the 

response of an analytical instrument (be it a chromatograph, spectrometer, 

etc.) to a given sample and it is this information that ;s of interest 

to the operator. When the input is a single injection (or a single 

wavelength scan), the IRF, h(t), is equivalent to the output, y(t). 

When the input is a set of multiple injections, the IRF and output are 

not the same and h(t) needs to be extracted from y(t)v Multiple 

injection chromatography is based on the premise that h(t) is 

extractable from a multiple injection output and its input rattern. 

Since the IRF and input pattern have been convolved by the 

chromatograph, it follows that the separation of those files requires a 

deconvolution operation. It is perhaps easiest to picture deconvolution 

as an operation which displaces one function relative to another and 

checks for "lining Up" or correlation, of the two files at each 

displacement. If one takes file X as a representation of an input 

pattern and file Y as the resulting chromatographic output of a single 

component sample, the correlation would proceed, as shown for three 
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displacements, in Figures (1.3)-(1.5). Only at the displacement equal 

to the retention time of the solute will the peak maxima of the two 

files line up at all points, thus causing the correlation value to reach 

its maximum (Annino and Bullock, 1973). The correlation peak, or 

correlogram, of Figure (1.5) will represent the average of the output 

peaks of file Y. Ideally, at all points outside of this peak no 

correlation should be seen, yet this is not always the case. There is 

often random lining up of injection spikes with output peaks which 

causes baseline fluctuations to appear in the correlogram function. 

This baseline distortion is called correlation noise since it is a 

result of the correlation procedu re and not experimental instability. 

The causes of correlation noise and the use of the information it may 

contain wi 11 .be di scussed in Chapters 3 and 5, respectively. 

Since this correlation operation is actually the averaging of a 

number of output peaks, the random noise present in that output tends to 

cancel out and become reduced in magnitude in the correlogram. This 

effect is called the multiplex advantage and one may expect a 

signal-to-noise (SIN) enhancement of ~ where P is the number of output 

peaks. While truncation eliminates high frequency noise to increase SIN 

ratio, correlation enhances the signal and allows noise to cancel itself 

out through averaging. This fact leads to the most obvious application 

of correlation chromatography to trace analysis, which will be examined 

in Chapter 4. 
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Cross-correlation is very similar to convolution as can be seen 

by comparing its equation (1.7) to the integral equation for convolution 

equation (1.5). 

00 

x(t) = J h(T) X(t+T) dT 
-00 

where z(t) = cross correlation function of h(t) and x(t). 

The only difference between the two functions is that when 

correlating h(t) and x(t), x(t) is not folded to give x(-t) before 

(1.7) 

displacing it by T as is done when convolving. When x(t) is an even 

function (i.e., symmetric about zero) convolution and cross-correlation 

are equivalent. Though the difference is easily seen mathematically, 

for practical use it is more obscure. A guide might be that, while 

convolution is often used to combine files, correlation is a method 

generally used to find similarities that exist between files. If files 

h(t) and x(t) are different files, a correlation between them is termed 

a cross-correlation while if they are the same it is an autocorrelation. 

Autocorrelation, for example, is often used to find any periodicity that 

may be present in a file (Godfrey 1980). 

All of the correlation procedure described may be done with the 

data in either the time domain or the frequency domain. Since most 

multiple injection and virtually all Single injection correlation 

operations are done in frequency domain, consideration must be given to 

the method used to transform the data into that domain. 
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Th~ Fourier Transform 

There are many transforms available to the chemist today 

including the Fourier, Laplace, Z, Walsh-Hadamard, and Haar transforms 

(Ahmed and Rao 1975). While the Z transform has been used in signal 

filter development and the Laplace and Hadamard transforms in 

spectroscopy, the Fourier transform is by far the most well known and 

used of the list. The Fourier transform and its swifter mathematical 

cousin, the Fast Fourier Transform (FFT) have affected nearly every area 

of analytical chemistry. The FT was first proposed by Jean Baptise 

Joseph Fourier in the early part of the 18th century but due to the 

extensive mathematics involved its use remained limited until the 

development of the lab computer and the FFT. The FFT is a method of 

matri~ manipulation and computation which accomplishes· the FT on a file 

of N data points but lowers the number of necessary mathematical 

operations from N2 to N*log N (Bergland 1969). This allows the FT 

operation to be carried out on very large arrays without excessive 

demand on computer time and facilities. The FFT was developed by Cooley 

and Tukey of Bell Labs in 1966 and is the process used almost 

exclusively to convert time domain data to the frequency domain. 

Although a thorough understanding of the mathematical concepts behind It 

is not necessary, one must understand the FT well enough to meet 

certain of its requirements and, thus, avoid serious data distortion. 



Requirements of the Discrete Fourier Transform 

The Fourier integral is defined by the equation 

co 
H{f) = f h{t) exp{-i2~ft) dt 

-co 

where h{t) = original time domain function of t, 

H(f) = transformed frequency domain function and 

i = 1-1. 
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(1.8) 

When H{f) and h(t) are related by this expression, they are 

termed a "Fourier pair ll which may be denoted by (Brigham 1974) 

h{t) <g > H{f) (1. 9) 

To convert H{f) back to h{t) requires the inverse Fourier transform 

(1FT) rep~esented by the function 

co 
h(t) = f H{f) exp{i2~ft) df 

-co 
(l.10) 

The relation between this equation and the Fourier transform is obvious 

and consistent whatever their form. 

It is necessary, however, to modify equations (1.8) and (1.10) 

to make them usable for computation on a digital computer using finite 

files. First, h{t) must be changed from a continuous function to a 

sampled function. This sampling must meet two requirements; the 

sampling interval T, must be constant and it must be set at a frequency 

of at least twice the highest frequency component present in the func

tion h(t). Called the ~quist frequency, this sampling rate prevents a 

distortion of H{f) known as aliasing. Fortunately, a constant sampling 
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interval is the rule for most research and finding the Nyquist frequency 

is not difficult, as will be explained in Chapter 3. 

Equations (1.8) and (1.10) must also be changed from integrating 

an infinite number of data points to summing a set, finite number. 

Again, in choosing this number, N, there are certain requirements. If 

the signal is periodic, it should be truncated (i.e., cut off) at a 

point where an integral number of periods have been collected. 

Truncation at any other point leads to a distortion of H(f) called 

leakage. When H(f} is transformed back to the time domain, such leakage 

leads to sharp discontinuities in the results. 

In many fields of analytical chemistry, however, the data or 

function of interest is not periodic. Though leakage can still occur, 

if one does not cut off data collection before all necessary information 

is collected, the discontinuities mentioned will occur at times remote 

enough from the signals of interest to have negligible effect on the 

information. 

The only other considerations when choosing N is that the FFT 

works more easily and quickly on files when N= 21 (where 1= Integer). 

However, with the development of the FFT program in the past years, this 

consideration is not as important as it was at one time (Singleton 

1967). 

Finally, the function H(f), like h(t), must be considered a 

sampled function rather than a continuous one. 

will be set by the previous choices of T and N. 

The frequency interval 

Letting To equal the 
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time spent collecting data, (i .e., To = N*T) the frequency sampling 

interval of H(f) will be l/To• . 
While imposing certain requirements on our data collection, 

these modifications made on the Fourier integral have now made it 

acceptable for use in a digital computer and on finite length files. 

The resulting equation, called the discrete Fourier transform, takes the 

form 

N-1 
H(n/NT) = ~ h(kT)exp(-i2nnk/N) 

k=O 

where n= 0,1,2 ••••• , N-1. 

(1.11) 

The development of the FFT uses this equation as its starting 

point. This development has been well treated in other literature 

(Cochran, et al. 1967; Bergland 1969~ and will not be discussed here. 

Correlation Techniques in the Fourier Domain 

Once data is in the frequency domain (using the FFT), there are 

a number of data processing techniques which may be applied to it. The 

most well-known and used of these is truncation of the higher (noise) 

frequencies of a signal to increase SIN ratio. Another possibility is 

the enhancement of the higher signal frequencies over the lower 

frequencies to narrow peak widths and, thus, increase resolution of 

merged peaks. Both of these applications of frequency domain signal 

processing are examples of convolution operations and will be discussed 

in Chapter 9. 
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For multiple injection work specifically, the deconvolution 

operation is done in the frequency domain because it saves computation 

time and, for most situations, proves to be more efficient in doing 

correlation operations than when in the time domain (see Chapter 6). 

From equation (1.5), it is obvious that to effect a convolution of two 

files of N data points, N2 multiplications would be necessary. In the 

Fourier domain, however, a convolution operation involves the simple 

multiplication of the two files. 

yet) = h(t} * x(t) = IFT(H(f)X(f)) (1.12) 

Obviously, the net reduction of mathematical operations and computer 

time increases as one goes to larger and larger data files. 

Since convolution is a multiplication of files in the Fourier 

domain to combine them, it follows that deconvolution is a division in 

the Fourier domain to separate them. When doing a deconvolution, the 

equation 

h(t) = IFT(Y(f)/X(f)) (1.13) 

is the step that provides usable information from a multiple injection 

experiment. 

The final operation, cross-correlation, is also a simple 

multiplication of two files in the frequency domain. The fact that x{t) 

is not folded about zero time to give x{-t} as is done for a convolution 

shows up in that the complex conjugate of one of the functions {in this 

case, X(F}} must be taken before the multiplication. 

z(t) = IFT{H(f)X*{f)) (1.14) 
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Having now covered some of the basic precepts of chromatography, 

correlation methods, and the Fourier transform, it will be possible to 

discuss the combination of the three - correlation chromatography (CC). 

Direction of Research 

The basic goal in this writing is to present CC as a viable 

possibility for practical use. Its application in trace analysis is 

apparent due to the SIN enhancement that is attainable through multiple 

injections and the multiplex advantage. However, the use of CC has also 

been suggested in process stream analysis and a unique way of using 

correlation techniques to monitor concentration changes (as well as 

average concentration) is presented in Chapter 5. Finally, the use of 

correlation in the time domain in multiple inje~tion work and, in single 

injection work, to determine (or simu"late) the contributions of each 

individual column in a multi-dimensional (i.e., multicolumn) separation 

will be discussed. With these applications in mind, the concepts, steps 

to set up the system, and experimental parameters to use will be 

presented. 

The next chapter will outline the apparatus and experimental 

procedures necessary for correlation chromatography. Chapter 3 will 

then attempt to clear up some questions and misconceptions in CC and 

evaluate the use of Fourier data processing techniques on multiple and 

single injection files. It will then be possible to investigate the 

above applications of CC and the future work still ahead in the field. 



CHAPTER 2 

EXPERIMENTAL METHODS 

In order to convert a regular gas chromatograph into one capable 

of doing multiple injection correlation work requires very few 

modifications. In fact, with todayls GCls coming out with data stations 

and autoinjectors already built on, only additional software is 

necessary to make the conversion. As the experimental apparatus for 

this work is described, this additional hardware and software will 

receive special attention and any consideration which might affect 

experimental set-up will be mentioned. 

A general diagram of the necessary components of CC is given in 

Figure 2.1. 

Sample Preparation 

The fact that one is doing multiple injections requires that the 

sample be able to immediately refill the sample loop in order to be 

ready for the next injection which is to occur just a few seconds later. 

This is most easily done by putting the sample under pressure such that, 

when the injector switches to the refill mode, sample moves into the 

loop. Gas samples are generally pressurized anyway, so this requirement 

is easily met when analyzing gases and no sample preparation is 

23 
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necessary. However, to analyze liquid samples using GC either an 

equipment modification is necessary or the sample must also be prepared 

as a pressurized gas. 

In this work, the sample was delivered to the autoinjector from 

a pressurized lecture bottle. If the sample is liquid, a volume of it 

is first injected into a disassembled lecture bottle and the bottle 

quickly reassembled and pressurized. The volume of liquid sample 

required for a desired concentration is found by the equation 

Vs = Vb • MW • P • C • 106 

354.85 PSI/M • 0 
where Vs = volume of liquid solute necessary (ml), 

Vb = volume of lecture bottle (l), 

MW = molecular weight of solute (gms/mole) 

P = pressure to be present in lecture bottle (PSI), 

C = concentration of gas sample (PPM), 

D = density of liquid solute (gms/ml). 

(2.1) 

The maximum concentration allowable for a solute is set by its dew point 

or the point at which condensation of the ~olute in the lecture bottle 

would take place. The calculation of this point uses vapor pressure 

calculations and is explained in past literature (Villalanti, 1980). 

All concentrations should be considerably less than this maximum 

concentration; in this study only 70% of the maximu~ calculated 

concentrations was ever used. When working with the higher 

concentrations, the lecture bottle and tubing were placed under a heated 
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.box which attained temperatures of around 40°C to further assure against 

condensation. 

Though the lecture bottles (Matheson lecture bottle 

Model 9M76-#457 DOT SE 1800, 0.44 liter) are rated to 1800 PSI, the 

maximum pressure ever used when preparing samples was 1000 PSI. 

The Autoinjector 

There are several injectors that would be suitable for use in 

CC. Fluidic wall attachment switches have received a good deal of 

attention as injectors for correlation work due to their fast switching 

time and long lifetimes (Wade and Cram 1972, Annino, Gonnard and 

Guiochon 1979, Annino and Leone 1982). Indeed, fluidic devices have 

several advantages over their mechanical counterparts and may be used 

for a variety of applications. 

A nitrogen-powered, solenoid-driven diaphram model injector 

(Seiscor model VIII from Seismograph Service Corp.) was used throughout 

this study. Past reports (Oberholtzer and Rogers 1969, Villalanti 1980) 

have shown it to give highly reproducible and accurate injections. The 

Seiscor valve has a 0.20% elution time accuracy and a 10 millisecond 

switching time (Seiscor 1970). It has proved to be a highly dependable 

injector as well. 

For very high frequency injection work this valve may become a 

limiting factor and its sweep and refill time must be considered. Ry 

allowing only a small sample loop volume (50 ~l in this study) and 

setting sufficiently high carrier gas velocities, one may reduce this 
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time to the point of rarely being a problem. The sweep time itself is 

set by hardware control, specifically, the R-C time constant of the 

resistor and capacitor attached to a 54/74121 monostable multi vibrator. 

Generally, this time is set such that the entire loop is swept out, 

though a good injection plug is obtained if the loop is not purged 

(Sternberg 1966). 

There are two considerations which must be addressed when 

setting up the injection apparatus. First, since sample is continuously 

reaching the detector, the flow must be held constant since a surge in 

flow will cause more sample to enter the detector and, especially when 

using an FlO, cause a peak in the detector output. To prevent 

continuing injections from causing flow interuptions, the pressure of 

the injected gas sample should always be maintained at the column . 

pressure at the point of injection. This may be accomplished by careful 

setting of the lecture bottle regulator. Also, a flow restrictor should 

be included jn the line between the injector and the column to damp out 

any flow surges that do occur. 

Secondly, a low flow of sample must be maintained through the 

sample loop during the refill cycle to avoid a dilution effect. If this 

is not done, the carrier gas that is trapped within the sample loop when 

it closes dilutes the solute in the lecture bottle and each successive 

injection will show an apparently smaller concentration. A low flow of 

sample gas will prevent this from happening by sweeping out this carrier 

gas from the loop. 
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Chromatographic Eguipment 

A Becker gas chromatograph oven model 14520 was used throughout 

this study. The temperature stability is very good on this GC -

allowing a variation of only ±0.05°C. Vibration caused by the rather 

large fan was a detector noise problem that was partially solved by 

isolating the detector stand off the oven with rubber pads. The 

detector is a flame ionization detector (FlO) accommodated from a Varian 

model 1700 GC instrument. The 300 volt FlO voltage was provided by a 

Lambda regulated power supply model C-481M (gratiously loaned to us by 

Dr. M. Bonner Denton). The picoammeter to detect current flow in the 

FlO was a Keithley model #417 high speed picoammeter with +3 volt full 

scale output. This ammeter is also equipped with current suppress which 

is necessary for elevated baseline work. 

The columns used to collect most of this study's data were 

packed with Porasil C (porous glass beads) or Ourapak - n-octane packing 

material. Both were provided by Waters Associates, Inc. The packing, 

column diameters and lengths, solutes, and temperatures used were chosen 

to give certain peak retention times, widths, and shapes. In this way, 

the data processing capabilities of the correlation procedures could be 

examined for a variety of chromatograms. 

Computer Hardware 

The first computer system used consisted of two computers - a 

Hewlett-Packard (HP) 2115 microcomputer to make the injections and take 

data and an HP 2100 to process that data. The 2115 has only 8 kilobytes 
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of memory and had to transfer 64 point sectors of data to the 2100 for 

storage during data collection. The 2100 is equipped with a Fabri-tek 

model A100 extended core storage giving it 65 kilobytes of memory. Also 

attached to the 2100 is an HP 7900A disc drive which contains a 

·10 megabyte Winchester disc and a drive for 15 inch, 5 megabyte 

discpacks. 

The problems with this system were numerous. Though fairly 

reliable, the 2115 is truly an antiquated computer. Loading and 

compiling programs had to be done with paper tapes, as did any plotting 

required. The 2100, even with the additional memory, could do an FFT 

operation on, at most, a 2048 point data set. Due to the extensive 

reading and writing on the disk, the operation also takes a good deal of 

time. Having a shuttle between two comp.uters is also troublesome. 

With this in mind, it was with great appreciation that we 

received the donation of the IBM 9000 lab computer from IBM Instruments 

of Danbury, Connecticut. The 9000 possesses 128 kilobytes of read only 

memory for the operating system and 128 kilobytes of random accesss 

memory for program and data storage. This is more than enough memory to 

do an 8192 point transform, which is the largest transform done on it so 

far. The 9000 is built around the Motorola 68000 microprocessor chip 

and is a multitasking computer with an input/output buffer for excellent 

time efficiency. The keyboard is attached by a cord and the screen is 

individually movable for good mobility if necessary. Accompanying 

the computer is a dual 8-inch floppy disk drive whose read 
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and write time is, of course, much faster than the hard disk drive of 

the HP system. Each double density floppy holds 985 kilobytes of data 

and programs and is much less expensive than a diskpack. 

The 9000 has a built-in printer with four colors and plotting 

capabilities. Due to the multitasking abilities, text, programs or 

plots can be being printed as the operator continues using the computer. 

Also available are two sets of "soft" keys which may be programmed to do 

several steps by pushing one key. For. the routine analyses, these keys 

also offer the inexperienced operator sets of options in order to more 

easily set experimental parameters (IBM Instruments 1982). 

A sensor board equipped with an AID converter was also placed in 

the computer and used in the study. This AID has a sample rate down to 

30 points/second, thus giving a possible resolution of 33 msec. This is 

not particularly impressive, but fast enough for the requirements of 

this study. (The real time clock has a much better time resolution of 

30 ~sec so the accuracy of the time of taking each data point is 

uncompromised.) The information from the AID is returned as a scaled 

32-bit integer which is then divided in the programming by 1,048,576 to 

obtain a voltage reading. Though the board is normally set to +1- IV 

full scale, a hardware jumper option allowed this to be increased to +/-

10 V full scale. 

Also included on this sensor board is a 32-bit parallel port 

which was used to provide the pulse to the hardware circuit described 

earlier such that an injection could be made. This port does not 
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require a response from the peripheral to .indicate the Ilinformation" 

(i .e., injection pulse) was received and, thus, was used instead of the 

16-bit parallel port which cannot operate in this non-strobed mode of 

I/O. One bit was all that was necessary of course, when the time for an 

injection came, the bit was set which triggered the injection sequence. 

Computer Software 

The program to make the injections and take the data, called 

INPUT, first loads a file of random numbers previously generated using 

the computerls random number generator and then stored on disk. These 

random numbers represent the number of data points to wait before the 

next injection and their magnitude should be scattered through the range 

of allowed values as discussed in Chapter 3. The program then takes 

data at the rate desired and makes an injection as each random number 

count is reached. The injection location is marked on the output data 

by negating the data point taken when an injection is made. The data is 

then stored on disk. 

The data processing programs (e.g., FRA, FRA2, and FTTAK) take 

the stored data and make an input profile from the negated data points. 

Once the absolute value of the output data has been taken, any time 

domain data treatment, such as baseline subtraction, may be 

accomplished. Both the input and output files are then ready to be run 

through the FFT subprogram, called FOURT. Only the data points of 

interest are run through the deconvolution division - the truncated 

points (see Chapter 3) are simply set to zero. Any other Fourier domain 
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data processing (e.g., resolution enhancement, additional low frequency 

filtering, etc.) may also be done at this time. 

The inverse FFT provides the final information required. 

Besides the time domain deconvolution file (which contains the 

instrument response function), input file and output file, the 

frequency domain representa~ion of these files are also available for 

plotting. These FT files help point out where problems in data 

collection or convolution procedures may be located and what may be done 

to improve the final results. 

The time domain convolution program, TIMECON, (see Chapter 6) 

does not use the FFT. Due to the fact we need convolution of only 

selected portions of the data, this program uses the time domain 

convolution function. TIMECON can evaluate or simulate the 

contributions of eath column to peak retention and shape in a 

multicolumn separation and may find good application in detecting trace 

components in a multi component sample. 



CHAPTER 3 

THE INPUT AND CORRELATION BASED SIGNAL PROCESSING 

Once the experimental apparatus, computer interfacing and 

software is established, it is then necessary to determine the 

parameters one will use for an analysis. Of these, one must first 

choose the best input pattern to use. Since there has been some 

question as to the best pattern and injection frequency to use in CC, 

the first part of this chapter is dedicated to the input and the options 

the operator has in choosing it. 

After the data has been collected, one must then decide on the 

optimal data processing parameters (e.g., truncation point and function) 

one may wish to employ while in the Fourier domain. The last part of 

this chapter will explain what these data processing techniques can do 

and what steps must be taken to choose the proper parameters for their 

use. 

The Input Controversy 

When choosing input parameters, it should be remembered that the 

theory of correlation chromatography rests on the fact that any input 

x(t) entering a chromatograph is convolved with the instrument response 
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function h(t) to give the output y(t). The equation for this process is 

given as 
00 

y(t) = f h(T) x(t - T) dT (3.1) 
-00 

By appropriate mathematical oper~tions, h(T), which contains the 

desired qualitative and quantitative information, may be retrieved from 

the output and input. We wish to choose parameters that will optimize 

x(t) and y(t) and make this pro~ess as easy and accurate as possible. 

Since x(t} will have such a large part in determining y(t), it is not 

surprising that the choice of input pattern is one of the most important 

for successful runs in multiple injection chromatography. 

When Izawa first proposed cross correlation chromatography in 

1967, he suggested using stream switching (Figure 3.1a) as the input 

function and a Pseudo-Random Binary Sequence (PRBS) to control the 

timing of this switching. The reason for this is that such a function 

has the same autocorrelation as white noise (i.e. a delta function at 

zero delay time) with no statistical variation (Figure 3.2b). This is 

important for two reasons. First, since a white noise type input 

introduces a wide range of frequencies with fairly constant amplitude to 

a given instrument, it is the most ideal input one can use. The 

resulting output will contain the instrument response function to all of 

those frequencies and, thus, have the maximum amount of information 

possible. Secondly, when using an input with these characteristics, the 

equation for the convolution of the instrumental response function and 
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Stream Switching Correlation Chromatography 

INPUT OUTPUT 

r--- ..-

time time 

Multiple Injection Correlation Chromatography 

INPUT OUTPUT 

time time 

Figure 3.1. Stream switching vs. multiple injection inputs 
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an input (equation 3.1) may be rearranged and represented by the cross 

correlation equation 

(3.2) 

where Rxy = the cross-correlation of y(t) and x{t) and 

T = period over which injections are made. 

At first glance, this operation would still seem to require N2 

multiplications and N2 additions for N data points. However, since the 

input is a binary function and can have values of only ±1, the 

multiplications become only a matter of changing sign which, in this 

case, reduces the number of necessary computations to N2 additions for N 

data points (Smit 1970, Annino and Grushka 1976). Actually, most of the 

articles published on correlation chromatography use ~he PRBS and 

equation 3.2. The PRBS is easily generated and can be used to control a 

solenoid operated on-off valve. One is able to avoid using the Fourier 

transform and may employ a hardware based corre1ator to do the 

correlation operation (Smit, Duursma, and Steigstra 1981). It is, of 

course, still possible to do the cross-correlation using the FT, though 

this is rarely done. 

There is, however, a serious disadvantage to using stream 

switching as input for routine correlation chromatography. When stream 

switching, there is a sample dilution of only 1:2 during the 

chromatographic process itself instead of what may be 1:600 when using 

an injection input. Unless one is doing a trace analysis, this large 

volume of sample gas causes the column and detector to operate in their 
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nonlinear regions (Moss and Godfrey 1973). Consequently, to use a 

stream switching operation one must often either carry out sample 

dilution procedures or accept nonlinearity in the column and detector. 

Sample dilution, besides being time consuming, may lead to sample 

contamination and/or less reliable quantitation results, while system 

nonlinearities, besides directly reducing the accuracy of qualitative 

and quantitative determinations, result in a substantial increase in 

correlation noise. 

To circumvent this problem, an input of multiple injections (as 

opposed to stream switching) was suggested (Figure 3.1b). The injection 

pattern can be random, as discussed by Phillips and Burke in 1976 or 

under the control of a PRBS as suggested by Villalanti and Burke in 

1979. In either case, since limits must be placed on just how random an 

injection pattern may be (since injection intervals of milliseconds or 

days are not possible or practical) these same patterns will not have 

the magnitude of random nature of the PRBS. This is best illustrated by 

the fact that the autocorrelation of a multiple injection input is not a 

delta function {Figure 3.3b and 3.4b}. 

Though there are applications in which equation 3.2 can still be 

used with a multiple injection input (as will be shown in Chapter 6) we 

have found that a deconvolution operation is better able to remove the 

effects of this input nonrandomness, and is thus the preferred operation 

to use. Since deconvolution cannot be reduced to a simple cross 

correlation, to reduce the number of mathematical steps (and computer 
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Fourier Transform 

freq. 

Autocorrelation 

freq. 

Figure 3.2. The Fourier Transform and autocorrelation of a PRBS 
controlled stream switching input 
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Fourier Transform 

freq. 

Autocorrelation 

freq. 

Figure 3.3. The Fourier Transform and autocorrelation of a PRBS 
controlled multiple injection input 
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Fourier Transform 

freq. 

Autocorrelation 

fre q. 

The Fourier Transform and autocorrelation of a randomly 
controlled multiple injection input 
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time) that it requires, it is now desirable to employ the Fourier 

transform. Though Phillips used a slightly different mathematical tack, 

it was essentially the same as what will now be presented~ 

The development starts with the fact that the convolution of an 

input pattern x(t) with the instrumental response function h(t) yields 

the output y(t). As discussed in Chapter 1, a convolution of two files 

in the time domain may be accomplished by a simple multiplication of 

those files in the frequency domain. Once this fact is established, it 

is only a matter of algebra to isolate the response function and then 

transform it back to the time domain. 

1) x(t) • h(t) = y(t) 

1 FT 1 FT 

X(f) x H(f) = Y(f) 

2) H(f) = Y(f) / X(f) 

I FT 
3) H(f)--~> h(t) 

Using this technique, any suitable input signal which does not contain 

zero or near zero amplitudes over the frequency range which this 

division must be accomplished may now be used (Phillips 1980) and 

neither stream s\'litching nor the PRBS is necessary. 

The work by Villalanti and Burke was referred to as Frequency 

Modulated Correlation Chromatography. The injection pattern involved a 

modulation between two injection frequencies (e.g., 0.005 Hz and 
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0.01 Hz) with the PRBS determining which injections followed the higher 

frequency and which the lower frequency. The conclusion was made that 

one can reduce correlation noise by using the complete sequence of a 

PRBS pattern (as done with a stream switching input). However, in the 

multiple injection case, we have found this conclusion to be in error. 

Figure 3.1 shows the two inputs are completely different, the PRBS 

controls stream flow of one and injection spacing of the other. Initial 

inspection indicates that it is unlikely that the advantages of PRBS 

control in stream switching will carryover to its control of multiple 

i njecti ons. 

A look at the Fourier transform and autocorrelation functions of 

a few different input patterns confirms the above conclusion. The ideal 

input to use will have the p'roperties exhibited by the PRBS controlled 

stream switching input. As shown in Figure 3.2, this means an input 

with no inconsistencies in its FT, no near-zero amplitudes and, 

especially, no periodicity (as would be shown in the autocorrelation). 

Figure 3.3 shows the FT and autocorrelation for the PRBS controlled 

multiple injection input. By comparing those plots with Figure 3.2, it 

becomes evident that the PRBS controlled multiple injection input, even 

when a complete PRBS sequence is used, does not exhibit these 

properties. The reason such an input could work at all is due to the 

deconvolution procedure described earlier. This operation is able to 

remove much of the correlation noise caused by the nonrandomness of the 
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input signal, however, a good deal of correlation noise will still 

remain due to the extensive periodicity present in the input pattern. 

If, however, one chooses to use a randomly controlled switching 

between, say, 20 injection frequencies the comparison improves as shown 

in Figure 3.4. Though these results do not quite match the ideal input 

properties of Figures 3.2, they do show that there is little 

periodicity in the random input as compared to the PRBS controlled 

multiple injection input. Since this set of random numbers is of finite 

length with limits as to their magnitude, we still expect some 

nonrandomness to be present. Fortunately, the deconvolution operation 

is able to prevent this from causing excessive correlation noise. In 

effect, it appears that a random switching between a host of various 

frequencies is better than PRBS controlled switching between two, and 

only two, frequencies. 

Phillips, as mentioned before, did use a randomly controlled 

injection pattern. A probability at the time of taking a data point is 

set and combined with a random number generator to determine when 

injections are made. The only injection dead time (the time after one 

injection during which another injection cannot occur) is perhaps one 

second to allow the autoinjector to refill. With this method, however, 

one has very little control of the range of times between injections. 

Too long a wait wastes computer memory (Figure 3.5a) while too short an 

injection interval overlaps peaks to the point of losing signal strength 

by raising the apparent baseline (Figure 3.5b). 
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time 

time 

Figure 3.5. Examples of too long and too short injection intervals 



45 

Considering all of these factors, thp. input used for this and 

following studies was a frequency modulation between several chosen 

frequencies and under the control of a file of random numbers. There 

are several advantages to such an input. 

1. The input is under random control which is superior to the PRBS 

as explained above. 

2. By controlling the random numbers that can be present in the 

file, one controls the range of time possible between 

injections. This would insure that one neither wastes computer 

memory nor combines peaks past recognition. 

3. By using a stored file of random numbers, the same input can be 

used time and again. Some random number files (being finite in 

length) contain excessive periodicity and are unsuitable. One 

may wish to use a particularly good injection pattern repeatedly 

and this method allows that. 

Injection Frequency 

With the type of input decided upon, the question of what should 

be the range of time between injections needs to be answered. We have 

found that the shortest injection interval will be dictated by the 

widest peak in the chromatogram and the type and quality of information 

desired. For example, if one desires information from peak shape down 

to baseline or good quantitative information, it is necessary to keep 

the injection interval long enough to allow near baseline resolution of 

the widest peaks from subsequent injections. This is evident from 
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time 

time 

Figure 3.6. Signal loss due to excessive overlap of peaks 

Dotted lines represent what would he individual 
peaks and solid lines represent actual output 
signal 
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Figure 3.6; if the injections are made too closely together a bottom 

fraction of the overlapped peaks will effectively be lost due to the 

raised baseline (Macnaughtan and Rogers 1974). Unless an internal 

standard is present or a standard curve established beforehand for the 

situation, good quantitation is not possible. Even then, as shorter 

injection intervals cause peaks to overlap more, the accuracy and 

precision of the analyses will decrease. 

To illustrate this effect in ce, several runs were made with a 

single component sample and a variety of injection frequencies. The 

correlograms for modulations allowing severe peak overlap (injection 

intervals from 25% to 75% of peak width), moderate overlap (injection 

intervals from 50% to 75%, and then 75% to 125% of peak width) and no 

overiap (injection intervals from 100% to 150% of peak width) are given 

in Figures 3.7 and 3.8. First, it is obvious that the correlation noise 

diminishes as we approach the point at which haseline resolution is 

allowed. Secondly, the signal that is present above the noise at the 

faster injection frequencies only represents that part of the raw signal 

that was showing above the raised baseline; the bottom part of the peak 

has been lost. 

There is, then, a seeming trade-off t~at exists. Ry making more 

injections over a given period one benefits further from the multiplex 

advantages which reduces noise and increases SIN ratio. However, at the 

same time, the apparent baseline is raised which lowers the effective 

signal thus lowering SIN ratio. Figure 3.9 illustrates that by 
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Modulation of 25-75% of peak width 

o 1 2 displacement (min.) 

Modulation of 50-100% of peak width 

o 1 2 displacement (min.) 

Figure 3.7. Correlation results when using modulation ranges of 25-75% 
and 50-100% of peak width 



49 

Modulation of 75-125% of peak width 

o 1 2 displacement (min. 

Modulation of 100-150% of peak width 

o 1 2 dis~lacement (min.) 

Figure 3.8. Correlation results when using modulation ranges of 75-125% 
and 100~150% of peak width 
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increasing injection frequency and raising the apparent baseline, though 

the greater number of peaks will allow us more multiplex advantage, it 

will not be enough to make up for the signal strength lost. Thus we see 

that an injection frequency that allows near baseline resolution of the 

widest peak of each injection gives optimal SIN improvement of that 

peak. 

It has been claimed (Villalanti 1980, Phillips 1982) that by 

putting more solute through a column and detector, CC also increases SIN 

ratio via the throughput advantage as in FTIR spectrometry. The 

throughput advantage is indeed present in FTIR spectrometry because more 

light is allowed to reach the detector since narrow slits are not 

required. This increases the peak-to-valley quantitative range (i.e., 

signal strength) of an absorption band. In chromatography, however, by 

raising the baseline, one cuts down on the peak-to-valley range of 

quantitation and, as shown, actually loses signal strength. The 

multiplex advantage, then, is the single means of increasing SIN ratio 

using multiple injection chromatography. 

Once the shortest injection interval is set, one is faced with 

the question of the necessary modulation range (which will, of course, 

set the longest injection interval). Villalanti (1980) found, in 

modulating between two frequencies, that a modulation of between 10%-20% 

of the average injection frequency gave optimal SIN ratio. When 

modulating between several frequencies, it seems a larger modulation 

range is necessary. Figures 3.10 and 3.11 show the results of 
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Given 25 output peaks in a file 

Multiplex advantage = 25 = 5.0 

Net Signal Height = 1.0 
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SIN Enhancement = 1.0 x 5.0 = 5.0 

Given 31 output peaks in a file of 
equal length 

Multiplex advantage = 31 = 5.6 

~et Signal Height = 0.5 
I 

SIN Enhancement = 0.5 x 5.6 = 2.8 

Figure 3.9. Illustration that the multiplex advantage cannot make up 
for signal loss due to extensive peak merging 
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modulations of 10%, 25%, 50% and 100% of the minimum injection time just 

found for this single component sample. (A modulation of 10% of a 

minumum injection time of 10 seconds means injection intervals limited 

to between 10 and 11 seconds.) From the amount of baseline or 

correlation noise, it" appears that the optimal modulation is 

approximately 50% of the minimum injection time. Smaller modulations 

contain too much periodicity and" cause the same type of correlation 

noise resulting froni" the PRBS-controlled, two-frequency approach 

explained earlier in this chapter. 

For the much more common case of multiple component samples, the 

situation is changed somewhat. The minimum injection interval may still 

be set by the widest peak in the chromatogram. However, with a multiple 

component sample, we will now have overlap of different component peaks 

from different injections (Figure 3.12a). As this overlap becomes 

extensive, the wider peaks are the first to be buried and do not show up 

well in the final correlogram. 

The solution to this problem is to increase the maximum 

allowable injection "interval. This has two effects. First, there is 

more "area" for the peaks to spread out in and the wider peaks in the 

data are not so buried under the narrower peaks on top of them. 

Secondly, the greater number of injection intervals allows the greater 

range of mobility for these peaks so the same overlap of one component 

peak over another cannot occur time and again. Both of these effects 

allows for better identity of each individual component in the sample 
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Modulation of 100-110% of peak width 

1 2 displncement (min.) 

Modulation of 100-125% of peak width 

1 2 displacement (min.) 

Correlation results when using modulation ranges of 
100-110% and 100-125% of peak width 
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Modulation of 100-150% of peak width 

o 1 2 displacement (min.) 

Modulation of "100-200% of peak width 

o 1 2 displace~ent (min.) 

Figure 3.11. Correlation results when using modulation ranges of 
100-150% and 100-200% of peak width " 
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and, thus, better results (Figure 3.13). In summary, then, before 

setting the maximum injection interval for a given sample, one must 

consider the number of components in that sample and increase the limit 

on the maximum injection interval as that number increases. 

Correlation Based Signal Processing Operations 

Once the correct input pattern has been used and the data has 

been collected, the deconvolution of the input from the output needs to 

be accomplished. Besides those described in Chapter 1, another 

advantage in using the FT to accomplish this procedure is that, while in 

the Fourier domain, it is very convenient to apply several other data 

processing techniques. In single injection work (where these 

techniques have, of course, found more use) the FFT and 1FT are 

accomplished just to be able to apply these methods of data processing. 

In either case, all of these functions are based on convolution 

operations and it seems appropriate to review the two most popular of 

these techniques, signal filtration and resolution enhancement. Most of 

the research in this area has been with application to spectroscopy. In 

this text, we will present the differences and considerations we have 

found with respect to chromatography. 

Filtration 

Filtration of the unwanted frequencies in a signal is probably 

the most well known of the FT data processing functions due to the 

several advantages digital filtration has over analog filtration. 
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Figure 3.12. The a) output and b) resulting correlogram from too narrow 
an injection interval range for a multiple component sample 
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Figure 3.13. The a) output and b) correlogram resulting from increasing 
the range of injection intervals to allow for the increased 
number of peaks from a multiple component sample 
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First, signal filtration under software control offers a great deal more 

flexibility than hardware control, giving one complete control of cutoff 

frequencies and functions. To provide the best results, several 

different filters may be tried on one data set, which is not possible 

with hardwired filters. Finally, the peak shifting property of analog 

RC filters does not occur when using an FT filter as one may control or 

eliminate phase shifts (Horlick 1972a). 

Basically, high frequency filtration in the Fourier domain 

involves truncating frequencies present in a data set that are so high 

as to be composed almost entirely of noise without seriously affecting 

those frequencies that make up the desired signal. To find the best 

function for this purpose one must first find the optimal point or area 

in the frequency domain for the cut-off to occur. Most of the methods 

proposed for this procedure are based on finding the point in the 

frequency domain where amplitudes change from the larger, damped sine 

wave pattern of the true signal to the random, nonuniform nature of 

noise frequencies (Figure 3.14). Rogers (1974) picked this point to be 

where the frequency amplitudes drop to 0.1% of the maximum. Westerberg 

(1969) monitored the power spectrum using the same type of approach, 

while Bush (1974) used standard deviation calculations to find this 

point. In a more novel approach, Lam and Isenhour (1981) used the 

equivalent width criterion of the time domain peaks to determine the 

truncation point. 
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Figure 3.14. General diagram of the truncation procedure 
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Actually, the applications of most of this research has been in 

different fields of spectroscopy (Horlick 1971) and, while the process 

is essentially the same in chromatography, it may be helpful to consider 

two items. First, many chromatographic signals are of relatively low 

frequencies and are well separated from the high frequency noise of the 

output. With such signals, it is very easy to select the necessary 

truncation point, often by simple observation. Secondly, the truncation 

point one may wish to use· will differ depending on the sample (or even 

the components of interest in the sample) since the lower frequency the 

signal, the more high frequency components of the data may be removed. 

This is illustrated for on a chromatogram of the separation of some 

simple alkanes (Figure 3.15) by using different truncation points and 

plotting their effect on each peak of the sample. Figures 3.16 and 3.17 

indicate that, often, one may wish to run data through several filters. 

For example, one truncation at about 7.0 Hz would allow quantitation of 

the methane peak while another at 2.3 Hz would allow quantitation of the 

octane peak and remove much more of the noise that would have made that 

quantitat~on difficult. Unlike the spectroscopies, in which signal 

frequencies and truncation points will vary little from spectrum to 

spectrum, one must generally expect large variations in these parameters 

in chromatography. 

Once the truncation point or area is found, the proper function 

to use to accomplish the cut-off must be chosen, and here chromatography .. 
and spectroscopy often differ greatly. Simply put, a function which 
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o 20 40 60 80 100 time (sec) 

Figure 3.15. Chromatogram of the separation of 1) methane, 2) pentane, 
3) hexane and 4) octane 
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Figure 3.16. Peak height decreases for chromatogram of Figure 3.15 
due to different truncation points of a boxcar truncation 
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6.1 

Figure 3.17. Peak width increases for chromatogram of Figure 3.15 due to 
different truncation points of a boxcar truncation 
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causes a sharp cutoff of signal frequency amplitudes (the prime example 

being a boxcar truncation) will result in the appearance of side lobes 

around that signal (Figure 3.18). Spectroscopy, being most often a 

qualitative science, cannot allow this and, to eliminate or minimize 

this effect, uses functions that have more gradual cut-offs 

(Figure 3.19a). Examples of such functions may be grouped into linear 

truncations (i.e., triangular), Gaussian, exponential, and functions 

based on the cosine operation (e.g., the Hanning function). However, it 

is apparent that these functions will seriously diminish the signal 

frequencies in one's data and, since the higher frequencies are most 

affected, the signal widens and flattens out. Chromatography, being 

most often a quantitative science, cannot allow this to occur. 

The solution to this dilemma (and the one our own research has 

found most suitable) is to use a combination of the boxcar and one of 

the less drastic truncat~on functions (Figure 3.19b). Such functions 

leave most of the signal frequencies intact (so peak heights remain 

unaffected), but reduce the abruptness of the cut-off (and side lobe 

appearance). As shown in Figure 3.20, which function to combine with 

the boxcar will depend upon the truncation point one wishes to use. 

Even with these functions, to maintain quantitative accuracy one must 

stop truncating the high frequencies when peak height (which is the best 

indicator that the signal is being affected) begins to be reduced. 
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o 10 20 time (sec) 

o 10 20 time (sec) 

Figure 3.18. Appearance at side lobes on first two peaks of Figure 3.15 
after boxcar truncations at a) 7.5 ~z and b) 3.0 Hz 
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Figure 3.19. 1a) Linear, 2a) Exponential, 3a) Gaussian and 4a) Cosine 
based truncation functions and 1-4b) their combinations with 
a boxcar truncation 
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Figure 3.20. Side lobe amplitudes about the pentane peak of 
Figure 3.15 due to different truncation cutoff 
functions 
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Resolution Enhancement 

Resolution enhancement might best be thought of as a 

deconvolution step in which some broadening function is removed from 

one's signal. For example, in chromatography, a nonretained peak may be 

considered a function which describes peak broadening due to 

extra-column volume (Mal decker, Davis and Rogers 1974). By deconvolving 

that function from a chromatogram, one may remove the contribution of 

extra-column volume to peak width and, thus, increase the resolution of 

each peak in the signal (Figure 3.21). 

Often, however, the broadening function is not well 

characterized and another function must be generated and used. As the 

Gaussian is quite close to describing a number of broadening functions 

(in both spectroscopy and chromatography) and has no sharp cut-offs, it 

is often selected for this purpose. By dividing the FT of the data set 

by this deconvolution function the lower frequency amplitudes are 

affected little, but the higher frequencies are increasingly enhanced 

(Kirmse and Westerberg 1971). Both peaks are narrowed and, if done 

correctly, the peak area ratios will stay the same (Annino 1977). It 

should be stressed that truncation must accompany resolution enhancement 

such that the noise frequencies are not enhanced, thus decreasing SIN 

ratio. 

Once the function has been chosen, the next question is how much 

resolution enhancement can we produce? To understand the results of 

trying to push this method too far, it is best to consider that when one 



· .. 

freq. freq. 

time time 

Figure 3.21. General diagram of resolution enhan"cement by 
deconvolution of an unretained peak from a 
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deconvolves a Gaussian from a set of data in the Fourier domain, one is 

actually multiplying the FT data by the inverse of that Gaussian 

(combined with the necessary high frequency truncation function). As 

shown in Figure 3.22, such a filter looks a great deal like the function 

one may use in the Fourier domain to take the second derivative of one's 

data (Horlick and Hieftje 1978; Betty and Horlick 1976). 

The results of this similarity soon become evident. As one 

extends the range of low frequencies over which the resolution 

enhancement affects, more second derivative character appears in the 

results (Figure 3.23). Depending on the chromatogram, this result may 

be unacceptable as smaller peaks in the immediate vicinity of large ones 

may be engulfed by this effect. 

The other effect that resolution enhancement has on one's data 

is that, if the necessary steps are not taken to retain peak area, peak 

heights are severely diminished. For example, the resolution function 

applied in Figure 3.23 extends to 0.31 Hz in a file with signal 

information out to 10.74 Hz. Though the resolution value of the merged 

peaks (of equal amplitude) in the file was increased by 12%, their 

heights were decreased 20%. A resolution function extending to .62 Hz 

increased resolution 20% but decreased the corresponding peak heights 

40%. Approximately the same effect will occur for merged peaks of any 

width. Though resolution increases rapidly when an enhancement function 

is applied to wider peaks, the heights of those peaks diminish just as 

rapidly. 



freq. (Hz) 

freq. (Hz) 

Figure 3.22. Comparison of functions for a) resolution 
enhancement and b) taking a second derivative 
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I I 
o 40 80 120 160 200 240 280 time 

(sec) 

o 40 80 120 160 200 240 280 time 
(sec) 

Figure 3.23. The appearance of second derivative character 
in b) due to attempting too much resolution 
enhancement of a) 
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The results of our use indicate that the procedure does equally 

well resolving peak shoulders and merged peaks of the same size. If, 

however, two peaks are overlapped to the point of being 

indistinguishable, this technique cannot be expected to increase their 

resolution, though there are methods using FT analysis to determine the 

number of components under a merged peak envelope (Malczewski and 

Grushka 1981; Kullik, Kaljurand and Ess 1976). In general, we have 

found that resolution enhancement is a valuable tool, but one that 

should be used with care. To prevent second derivative character from 

becoming too prevalent and to maintain quantitative accuracy (even with 

the correction used to retain peak areas) the technique should not be 

"pushed" to affect a 1 arge frequency range. The best separation 

possible should first be obtained in the chromatograph and, then, 

resolution enhancement used to improve those results. 



CHAPTER 4 

ACCOMPLISHING SIGNAL TO NOISE ENHANCEMENT THROUGH 
CORRELATION CHROMATOGRAPHY 

When correlation chromatography was first introduced, it was 

recognized that its most obvious application was in trace analysis and, 

consequently, almost every publication written on the subject has had 

this application in mind. Due to the inherent averaging effect that 

occurs during the correlation process, one should realize a theoretical 

improvement in signal-to-noise of the square root of the number of 

individual signals (or, in this case, injections (see Chapter 1)). Yet, 

while this theoretical improve~ent is well understood, few studies have 

come close to actually attaining this enhancement and the results that 

have been reported are often vague and quite variable (Lub, Smit and 

Poppe 1978; Moss and Godfrey 1973). The goal of this chapter is to 

examine the reasons for these shortcomings and suggest steps one might 

take to get the most signal-to-noise enhancement possible through 

correlation techniques. 

The Signal 

The amount of signal that one has to work with in raw data is 

generally pretty well set at a level that depends, of course, on 
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injection volume and sample concentration. Once the detector response 

and other experimental parameters have been optimized, there is very 

little one can do to increase the magnitude of the raw signal. However, 

by making injections at a frequency that will severely overlap the peaks 

by the time they reach the detector, it is possible to seriously 

decrease the net signal amplitude present in output data. As one makes 

injections at increasingly higher frequencies, peaks due to the same 

eluant but from subsequent injections begin to overlap one' another more 

and more. The valleys between the peaks rapidly "fill in" due to this 

overlap and the signal, or distance between the peak top and the now 

raised baseline is diminished. This effect is explained in more detail 

in Chapter 3 (see Figure 3.6). 

Decreasing signal strength should, of course, be the last thing 

we wish to do but, in past studies, this actually occurs more often than 

not. The reason for this is that most of the research into correlation 

chromatography has been done using a Pseudo Random Binary Sequence 

(PRBS) to control a stream switching input. Since an entire sequence of 

the PRBS had to be used over the data collection time and these 

sequences involved a great number of switchings between sample and no 

sample, peaks were necessarily merged a great deal and signal was lost. 

This effect will, of course, lower the SIN ratio and cut into,the 

enhancement we expect to occur. 

The solution to this problem, as explained in Chapter 3, is to 

abandon the inflexible PRBS and use as random a series as possible 
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(within set limits) that allows at least near baseline resolution of the 

injections with even the shortest time interval between them. Though 

this will require a longer time commitment to collect the same number of 

"individual ll signals, having an undiminished signal in the raw data 

should allow faster enhancement of signal over noise and fewer 

injections should actually be necessary. 

Noise Removal 

It given enough data collection time, a very stable 

chromatographic system and a great number (i.e., up to thousands) of 

injections, the correlation process will probably be able to remove all 

random noise from a correlogram. Indeed, this is the method used by 

several researchers working in the area of correlation chromatography 

(Smit, Lub and "Vloon 1980;' Phillips 1976). However, to reduce the time 

commitment of such a task (and, hopefully, make it more applicable to 

routine analyses), there are several auxiliary data treatment steps that 

may be coupled with the correlation process to more quickly remove 

noise. Each step is tailored to remove certain frequencies of noise and 

will be taken at different points in the correlation process. 

Low Frequency Noise 

Low frequency noise, or baseline drift, can be expected to occur 

whenever one is working with trace concentrations and it will often have 

a magnitude much greater than the signal itself. Because of its low 

frequency, drift takes the longest amount of time to become stationary 
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or truly random and, for this reason, is also the hardest noise 

component for the correlation process to remove. One solution that has 

been suggested is to correlate the derivative of the output with the 

input and integrate this to obtain the final correlogram {Annino and 

Leone, 1982}. This treatment only partially solves the problem and 

introduces a large number of computations. A baseline subtraction is 

much easier and, if done right, probably more successful. 

When baseline drift is present in a single injection 

chromatogram, it is quite apparent and easily removed by any of a 

variety of baseline subtraction programs which are commercially 

available. It would seem easiest to simply apply these same programs 

directly to the correlogram resulting from the correlation procedure. 

However, in multiple injection work, we have found these same baseline 

subtraction routines cannot be used since the correlation procedure 

tends to transform baseline drift in the raw data into higher frequency 

correlation noise in the correlogram. Though the extent of this 

correlation noise can be determined mathematically {Kaljurand and Kullik 

1979}, it cannot be easily removed. To most effectively remove baseline 

drift, it must be subtracted out before the correlation step. 

The next possibility, then, would be to remove the baseline 

drift from the Fourier transform of the raw output data. Though such an 

operation is possible through the use of a low frequency truncation 

process (Atakan, Blass, and Jennings, 1980), such a procedure can very 

easily affect signal shape and produce effects similar to those when 

attempting resolution enhancement (Chapter 3). Such treatments should 
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really only be used when the signal peaks are of such a high frequency 

as to not be affected by a low frequency filter operation. As a rule, 

chromatographic signals are made up of rather low frequency components. 

Therefore, though FT data processing will be used later to remove high 

frequency noise, low frequency removal is best done while in the time 

domain. 

Given the raw output data, the noise removal operation must find 

baseline points between the output peaks, connect these points in the 

best way possible, and then remove that drifting baseline from the data. 

The program written to accomplish this task, BASSUB, scans over a given 

number of points to find a minimum value and takes this value to be a 

baseline point. With some knowledge of the range of injection 

frequencies and observation of the output, the operator may quickly 

choose the number of points that must be scanned to find a baseline 

point. A number of these points are found, connected with straight 

lines (curve fitting was not attempted in this program) and then 

subtracted from the raw output. 

The results of this baseline subtraction are apparent through a 

simple comparison. Figure 4.1 shows a raw, multiple injection output 

with a low SIN ratio and a great deal of baseline drift. The signal 

peak of the correlogram is barely visible above the noise. A baseline 

subtraction of that same raw data is accomplished to give the raw output 

shown in Figure 4.2. The reduction of noise in the correlogram 
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resulting from this treated data is obvious. The noise has been greatly 

diminished and the signal peak has become much more significant. 

The importance of the contribution of low frequency noise to 

correlation noise has been recognized by othere researchers (Kalijurand 

and Kullik 1979) and should not be underestimated. The sensitivity of 

correlogram SIN ratios to baseline drift is probably a big reason so 

many reports on SIN enhancement are contradictory. Due to the fact that 

chromatographic systems will differ in the frequencies and amplitude of 

noise they cause in their output, one might expect different SIN 

enhancements to occur. For example, some researchers assume or simulate 

only band limited white noise (Smit, Lub, and Vloon, 1980) and, one 

would expect, get high SIN enhancements. Though all researchers cannot, 

of course, use the same chromatograph, if they used the same baseline 

subtraction algorithm, more consistent SIN enhancements would probably 

result. 

Noise Analysis and Removal From the Fourier Domain 

There are two methods that may be used to do the correlation 

operation that is required at this point of the analysis. There are 

situations (which will be given in Chapter 6) in which one will be best 

served to remain in the time domain and do the correlation operation (or 

a shortened version of it) through the integration process given in 

equation 1.8. Generally, however, due to the computation time it saves 

and other advantages, one will most often go through the Fourier domain 

to accomplish the correlation. While in this domain, one may both 
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o 1 2 3 time (min.) 

o 1 2 3 dis!Jlacement (min.) 

Figure 4.1. a) Raw output and b) resulting correlogram with 
baseline drift present 



81 

o 1 2 3 time (min.) 

o 1 2 3 displacement (min.) 

Figure 4.2. a) Raw output and b) resulting correlogram after 
subtraction of baseline drift 
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obtain a good deal of information about one's data and the type of noise 

it contains and then take steps to remove some of that noise. 

Fixed Frequency Noise 

As a rule, when one collects data which contains some amount of 

noise in it, one assumes that noise is random and a result of thermal, 

or electronic, noise. Indeed, the SIN enhancement of averaging is based 

on this assumption. Often, however, there is noise present in a 

detector output that is not random but modulates at or around some fixed 

frequency. The most well known of these noise sources is electrical 

line or 60 Hz noise, but there are others such as heating coil or fan 

cycles, flow rate disruptions, disturbances by other instruments, etc. 

Such noise is not removed by the correlation process and can have 

serious effects on the SIN ratio of one's results (Horlick and 

Ma1mstadt, 1970). 

The easiest way to detect fixed frequency noise is to look at 

the data after it has been converted to the Fourier domain. Figure 4.3 

shows the correlogram for a multiple injection file with a fixed 

frequency noise component (in this case, caused by fan vibration) that 

is so great as to be apparent in both the time and frequency domains. 

As one reduces the amplitude of this fixed frequency noise 

component, random noise begins to also appear and, in the time domain, 

soon masks the presence of the fixed frequency noise (Figure 4.4a). 

However, the Fourier domain is much more sensitive to noise of a fixed 

frequency. When the FT of the data file of pure detector noise was 



o 1 2 3 time (min.) 

o 0.5 1 1.5 freq. (Hz) 

Figure 4.3. Correlogram in the a) time and b) Fourier domain 
illustrating the presence of a fixed frequency 
noi se component 
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0 1 2 3 time (min.) 

1 1.5 freq. (Hz) 

Figure 4.4. a) Time domain and b) Fourier domain 
representations of a data file of pure detector 
noise with a fixed frequency noise component 
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taken, the spike at 1.5 Hz indicated a good deal of that fixed frequency 

noise was still present (Figure 4.4b). 

Once fixed frequency noise has been identified and its source 

isolated, steps should be taken to eliminate the noise at its source 

(i .e., in the experimental stages of the analysis before data 

collection). Though the erroneous frequency or frequencies may be 

zeroed or given approximately correct values while in the Fourier 

domain, this will probably not be completely successful and may 

introduce new noise components into the data. It is generally easy to 

remove fixed frequency noi se sources by proper groundi ng or ne\'1 

equipment and this is the more appropriate action to take in such a 

case. 

High Frequency Noise 

A great deal of random noise encountered in data collection is 

made up of frequencies that are high enough to be easily distinguished 

and separated from the rather low frequencies characteristic of 

chromatographic signals. This high frequency noise is very easily 

removed by truncation while in the Fourier domain, a procedure which is 

reviewed in Chapter 3. Truncation is an additional benefit of using the 

FT when doing a deconvolution and its use should actually increase the 

SIN enhancement possible with the entire technique. 

"Mi ddl e" Frequency Noi se 

Once the low, high, and fixed frequency noise components in 

one's data have been removed by the steps just discussed, only one type 
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of noi se shoul d rema in - that of random, "mi ddl e" frequency noi se or 

noise that is of the same frequencies as the signal itself. In any data 

processing or signal filtration procedure, this is the noise most 

difficult to remove. 

To remove this noise, we must rely on the averaging effect of 

the correlation procedure. Actually, averaging is well suited for this 

task as it is one of the few procedures which can remove IImiddle" 

frequency noise without serious signal distortion (Delaney, Uden, and 

Henderson, 1979). 

Attainable Signal-to-Noise Enhancement 

To test the effectiveness of the data processing steps just 

outlined in enhancing signal-to-noise ratios, output files containing 

the results of varying numbers of injections were collected. Two 

samples were used - a single component sample (heptane) and a multiple 

component sample (methane, pentane, hexane, heptane and octane) that 

provided peaks of differing widths and heights. Output files containing 

data for between 20 and 120 injections of the single component sample 

and between 3 and 26 injections of the multiple component sample were 

collected. The smaller number of injections for the latter sample is 

understood when one considers that while the injection spacing will be 

set by the widest peak in a chromatogram, the data taking rate will he 

set by the narrowest. In this case, for example, the octane peak set 

the minimum injection interval at its width of 15 seconds. The narrow 

methane peak, however, requires data be taken at 0.1 sec/point to 
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prevent aliasing. Thus, while an 8K data file will hold the output for 

120 injections of the single component sample, it will hold the output 

for only 26 injections of the multicomponent sample. 

To determine the enhancement in SIN ratio that is possible 

through multiple injections, these data files were all run through the 

baseline subtraction and correlation programs. Figures 4.5 and .4.6 

illustrate the increased SIN ratio for the single component sample; 

Figures 4.7 and 4.8 give the corresponding files for the multiple 

component sample. The results of the analysis of these and the other 

files were then compiled and are provided in Table 4.1. A high 

frequency truncation was first applied to these files and the SIN 

enhancement from that operation determined. 1 The enhancement due to the 

truncation is, as expected, fairly consistent and unaffected by the 

number of injections. 

The SIN enhancement factor that occurs due to the correlation of 

the multiple injections is what is attained above and beyond that which 

could be attained with the truncation procedure alone. This enhancement 

is, as expected, dependent on the number of injections. A plot of 

attained enhancement vs. injection number is given in Figure 4.9 and 

. 1. To provide a less arbitrary measure of noise amplitude 
(especially considering the difference in appearance between raw and 
truncated noise (see Figure 4.5)) the root-mean-square (RMS) value of 
the baseline noise is measured instead of the peak-to-peak measure. The 
two quantities are, of course, comparable and, if the noise is truly 
random or "white", the RMS val ue is approximately 1/5 of the 
peak-to-peak variation (Hieftje 1972). 
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0 1 2 3 time (min.) 

0 1 2 3 time (min.) 

Figure 4. 5. Single component s amp 1 e a) ·before and b) after 
high frequency truncation 
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o 1 2 3 displacemert (min.) 

o 1 2 3 displacement (min.) 

Figure 4.6. Correlograms resulting from a) 30 injections and 
b) 120 injections of the single component sample 



o 20 40 60 80 100 time (sec) 

o 20 40 100 time (sec) 

Figure 4.7. a) Chromatogram of the multiple component sample 
showing peak characteristics we are trying to 
extract from b) a noisy file of the same sample 

90 



91 

o 20 40 60 80 displacement (sec) 

o 20 40 60 80 displ~cement (sec) 

Figure 4.8. Correlograms resulting from a) 7 injections and 
b) 26 injections of the multiple component sample 
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Table 4.1 Signal-to-Noise Enhancements due to Truncation and 
Multiple Injections. 

# OF 
INJECTIONS 

3 

7 

13 

26 

20 

30 

63 

120 

*-Multiple component sample 
**-Single component sample 

SIN ENHANCEMENT SIN ENHANCEMENT 
DUE TO TRUNCATION DUE TO MULTIPLE 

FUNCTION ONLY INJECTIONS 

1.19 1.02 

1.25 1.19 

1.20 1.84 

1037 2.28 

1.82 1.89 

1.70 2.25 

1.67 3.23 

1.45 3.95 

ATTAINEDI 
THEORETICAL 
ENHANCEMENT 

0.59* 

0.45* 

0.51* 

0.45* 

0.42** 

0.41** 

0.41** 

0.36** 
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compared to what theory states the improvement should be. Apparently, 

the actual enhancement constantly falls short of the theoretical 

improvement and, for both single and multiple component samples, runs 

just under half of what is theoretically possible. Actually, this fact 

is not surprising. Generally, when going from theory to practice, one 

attains results somewhat less spectacular than predicted as factors 

arise which are not accounted for in that theory. 

In this case, there are two factors which may be identified. 

First, the theory of signal averaging assumes purely random noise, while 

for practical work this rarely occurs. Low frequency noise, as 

mentioned earlier, makes a large contribution to correlation noise and 

also takes the longest time to become truly random. As such, it would 

be expected to reduce attainable signal-to-noise enhancement factors. 

Secondly, our theory assumes a stationary system. Changing system 

parameters (e.g., non-reproducible injections, retention time changes 

due to temperature and flow rate fluctuations, etc.) are, however, 

present to some extent in all chromatographic systems and are also 

responsible for correlation noise. This effect will limit the maximum 

attainable SIN possible in a correlogram and is probably responsible for 

the relatively low enhancement attained at 120 injections. Though not 

attempted in this study, running the same samples on a chromatographic 

system which allows less baseline drift and better system stability 

would give the same type of plot as shown in Figure 4.9, but one more 

closely approaching the magnitude of the theoretical enhancement curve. 
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However, even given the temperature and gas flow control and 

relatively stable detection in the most modern GC equipment, due to the 

sensitivity of correlation noise to small changes in retention times and 

baseline drift, it is doubtful one could attain SIN enhancements above 

60-70% of theoretical. As outlined, there are many factors not taken 

into account when calculating theoretical SIN enhancement. When taken 

into account, enhancements of 60-70% of the square root of the number of 

signals are probably "best case". 

The weaknesses of correlation chromatography in trace analysis 

have been recognized and pointed out (Moss and Godfrey 1973), but 

perhaps these weaknesses are a result of attempting too much with the 

technique. Multiple injection correlation work ;s best suited to 

increasing SIN ratios from values of 1 to 10 rather than 1 to 100. 

First, due to the fact that one can always expect some correlation noise 

to be present after the deconvolution process, SIN ratios of 100 are 

difficult to attain in the first place. Secondly, to achieve a SIN 

enhancement of the 100 theoretically requires 10,000 injections; 
\ 

actually it would require 20,000 on a very stable chromatographic 

system. Neither number is very practical. The technique has its 

applications and limitations, but the fact that any detector output can 

be taken and improved in sensitivity by a factor of 10-30 through 

multiple injections makes it a method worthy of consideration in trace 

analysis. 



CHAPTER 5 

EXTRACTION OF NONSTATIONARITY INFORMATION FROM CORRELATION NOISE 

As just outlined in the last chapter, correlation noise, or 

noise caused by system nonstationarities that appears after the 

correlation process, is a major factor in limiting the SIN enhancements 

possible in multiple injection chromatography. In attempting to reduce 

that noise, it seemed reasonable to believe that if a system 

nonstationarity (say, a concentration change) caused correlation noise, 

there should be information about that change in the correlation noise 

it produced. This chapter contains an explanation of the relationship 

that was found to exist and an evaluation method to make use of the 

information present in a correlation "noise" pattern. It has recently 

been submitted for publication. Additional information and plots are 

included in Appendix A as will be indicated in the manuscript. 

I ntroduct ion 

In most analyses, the assumption is made that certain factors, 

such as sample concentrations, are at a steady state and will remain 

constant duri ng data coll ect ion. HO\,/ever, in many conti nuous ana lys i s 

procedures, including kinetic studies and process stream analysis, this 

assumption is not valid and, in fact, it is the extent of this 
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nonstationarity that is of interest. If random fluctuations are of the 

same magnitude as the constant change that is occurring, it becomes 

difficult to accurately determine the direction and magnitude of the 

nonstationarity by simple observation of the output. 

To develop a data evaluation method for monitoring 

concentrations or determining process dynamics, a gas chromatograph was 

used as a small model of a process stream. Single component samples 

were injected to simulate, in effect, the input of a tracer, voltage or 

temperature pulse, etc. to characterize a system by determining its 

transient response (Hougen 1979). The input, or "forcing" imposed upon 

the chromatograph and the advantages that result from it are based on 

correlation chromatography (ee), a method which uses multiple inputs and 

a correlation operation. Specifically, a unique input pattern, which 

may be a stream switching type (Smit 1983) or, as in this case, a set of 

multiple injections (Phillips and Burke 1976) is continuously fed into a 

gas chromatograph at a rate that will generally overlap the fronts or 

peaks in the output to some .extent. When the input pattern 

representation is deconvolved from this output, the result, or 

correlogram, will represent the average of all the peaks present in the 

output file and will appear as a single injection chromatogram 

(Figure 5.1). The inherent averaging effect of this correlation process 

reduces the amplitude of the random noise in the raw data to give a 

correlogram with an improved SIN ratio. Since one does not wait for one 

injection to elute before making another, this SIN enhancement occurs 



a) 

c) 

b) 

Figure 5.1. Typical a) input pattern, b) output and c) their correlation function in 
multiple injection chromatography. 
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without requiring the time commitment of ensemble averaging. 

Considering these properties, it is not surprising that CC has found 

application in trace analysis (Phillips 1980, Annino and Grushka 1976). 

However, just as the technique might be used to quickly detect small 

signal peaks buried in noise, it may also be used to detect small 

changes in that signal that occur during the course of the injection 

sequence. 

Since the multiple injection process is continuous, the 

possibility of using it to monitor process streams has been suggested 

before (Annino and Grushka 1976). The problem encountered in attempting 

this application is that the deconvolution operation assumes a 

stationary system and any nonstationarity, such as a fluctuation in 

input concentration or system response during data collection, causes 

the appearance of correlation noise in the final results (Annino and 

Bullock 1973; Lub and Smit 1979). This noise decreases the reliability 

. of quantitation information and, if severe enough, can lead to a 

complete breakdown of the correlogram (Godfrey and Oevenish 1969). In 

this study we have found that this correlation IInoise ll possesses 

information on the type and magnitude of changes in system response and 

may be used to monitor these changes. Random fluctuations and noise are 

d imi nfshed through the same processes whi ch allow SIN enhancement and an 

accurate determination of the constant concentration or response changes 

that occur during data collection may be made. In addition, however, by 

finding the magnitude of the noise under the principle peaks in the 
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correlogram and removing it, reliable quantitation of the average input 

conc~ntr~tion or system response may also be achieved. 

As stated earlier, this study was done with single component 

samples to simulate a flowing system which is monitored without a 

chromatographic separation. The multiple signal or input aspect of the 

technique may be realized by truly injecting sample into the system 

(e.g. as in flow injection analysis) or process dynamics studies or by 

simply taking multiple readings from the monitoring device (e.g. a 

UV-vis spectrometer) at set times. Multiple component samples requiring 

a separation will show the same type of correlation noise behavior 

though, as the number of sample components that have changing 

concentrations increases, so must the sophisticution of the analysis 

procedure. 

Theory 

As mentioned before, a correlogram (i.e. the information of 

interest, h(T)) may be calculated by deconvolving the input pattern 

representation x(t) from the output data, y(t). When done in the 

Fourier domain, this deconvolution is a simple division of the two files 

(Brigham 1974). 

h(T) = 1FT (Y(f) / X(f)) 

where 1FT = Inverse Fourier Transform. 

(1) 

The appearance of a system nonstationarity (e.g. a continual 

concentration increase) may be thought of as a function NS(t) which is 

added upon y(t) to give a new output (Figure 5.2a). Oue to the linear 
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addition property of the Fourier transform (Brigham 1974), equation 1 

becomes 

h(T} = 1FT (Y(f) / X(f} + NS(f} / X(f}} (2 ) 

The results of this operation is the sum of the deconvolution of x(t) 

from y(t) and x(t) from NS(t}; the latter of the two provides the 

correlation noise (Figure 5.2b). 

With this explanation, we expect the correlation noise in h(T) 

to be consistent with the function NS(t). If the nonstationarity is 

increased or decreased by some factor (e.g. the concentration increase 

halved), the correlation noise peaks and valleys, while remaining in the 

same position, will increase or decrease in amplitude by that same 

factor (Figure 5.3a). When the nonstationarity trend is reversed (e.g. 

the solute concentration from file start to finish allowed to decrease), 

the correlation noise follows the change and one sees the mirror image 

of the original noise as peaks become valleys and valleys becomes peaks 

(Figure 5.3b). Both of these facts may be thought of as being due to 

the deconvolution process linearly converting nonstationarity changes in 

the output y(t) to correlation noise in the correlogram h(T) (see 

Appendi x A). 

Experimental Secti on 

Very few modifications are necessary to convert a gas 

chromatograph to one with multiple injection capabilities. A Becker 

model 14520 gas chromatograph oven with a Varian flame ionization 

detector was used in this study. A computer controlled autoinjector 



102 

time (min.) 

o 1 2 3 displacement (min.) 

Figure 5.2. Output and correlation functions resulting from 
nonstationary input concentration. 
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2 3 disDl~cement (min.) 

2 3 

Figure 5.3. Comparison of correlation noise patterns 

Solid lines repre.sent correlation functions of a) one half 
the concentration increase of Figure 5.2 and b) a 
concentration decrease of the same magnitude as the increase 
of Figure 5.3. Dotted line represents correlogram of 
Figure 5.2 for comparison 
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provides the multiple injections. Though other sampling systems have 

been suggested and used in multiple injection work (Annino, Gonnard and 

Guoichon 1974), the Seiscor model VIII valve used in this study is quite 

reliable, readily available and has a switching time of only 10 msec. 

Injection control, data acquisition, and the deconvolution 

operation are all done on an IBM 9000 lab computer from IBM Instruments 

Inc. of Danbury, Connecticut. The internal high resolution timer which 

controls injection timing and data collection provides an accuracy of 

30.5 microseconds. At set times, an injection pulse is provided by the 

computer via a single bit transfer through the parallel port in a 

nonstrobed mode to a hardwired pulse width controller. This, in turn, 

fires a Clippard Minimatic model EOV-3 nitrogen powered solenoid which 

opens the Seiscor valve for the set length of time. The 9000 takes data 

from a Keithley model 417 high speed picoammeter using an internal A/D 

converter card. This A/D board allows sample rates up to 30 pts./sec. 

and is set at +/- 10 V full scale. 

Since this is basically a data processing investigation, 

columns, temperatures, flow rates and solutes were chosen to give 

certain retention times and peak widths. The principal solute used was 

heptane which had a retention time of 64 seconds at a temperature of 

91 C and flow rate of 20 mls./min. in a 1/8" x 24" ca, Durapak column. 

Calibration files may be sil1lJlated either experimentally or on 

t he computer'. To effect concentration changes experimentally, the 

resistance of the RC time constant which controlled pulse width was 
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gradually increased or decreased allowing more or less solute to enter 

the chromatograph and thereby simulating a concentration change. 

Computer simulations of concentration changes were done using an output 

data file with no concentration change and then modifying that data to 

simulate a nonstationarity effect. All programs were written in 

FORTRAN-77 using several library subprograms for input-output 

operations. 

Results and Discussion 

This experiment necessarily consists of first establishing a set 

of simulation files with known concentration changes. From the 

resulting correlograms, several points are chosen and calibrated as to 

the effect these concentration changes have had on them. The points 

chosen should be at the top of noise peaks (or the bottom of noise 

vallies) to allow better resolution and relative accuracy. As 

explained, a plot of concentration change versus point value for each 

point should be linear. While only one point could be calibrated and 

used to monitor nonstationary effects, it is probably best to average 

the results of a number of points to minimize random noise effects. 

Linear concentration changes are the easiest fluctuations to 

calibrate and detect (Figure 5.4a). In this case, only the magnitude of 

the change will affect the correlation noise, so only a few calibrations 

need to be done. The evaluation process is quite straightforward (see 

Appendix A). 
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If concentration maxima or minima are present in the file 

(Figure 5.4b), the calibration and evaluation become more complex as the 

position of a maximum, for example, will greatly affect the correlation 

noise pattern. In the calibration process, several files with a 

concentration maximum in various locations of the file will need to be 

simulated and calibrated. In the evaluation process of an unknown 

concentration change, the location of any maxima must first be 

determined. Then, using the appropriate calibration plot, the magnitude 

of the change may be calculated. 

To illustrate how this might be done, the data for a very simple 

evaluation process is given in Table 5.1. The calibration points used 

were chosen for the purpose of differentiating between files that have 

linear changes or a single concentration maximum (or minimum) and then 

quantitating that change. The first decision to be made is if there is 

a concentration maximum present and, if present. where in the data file 

it is located. This question was answered by noting that while both 

position of a concentration maximum and its magnitude affect point 

values, only the maximum position (or, more generally, output pattern) 

determines where each calibration point from a group of simulation files 

crosses zero. For example, point 92 is near zero only when there is no 

concentration maximum or minimum in the file. Point 203 crosses zero 

when the turnaround point is at 50% of the file length no matter what 

the magnitude of the concentration change at that time. By determining 

the near zero values of a correlogram and comparing them to the 
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Table 5.1: Simulation results to establish evaluation procedure. 

Cone. 
Change 

-25% 

+25% 

+50% 

+10%,-40% 

+20%,-30% 

+25%,-25% 

+30%,-20% 

+40%,-10% 

Concentration changes are given in percent of the largest 
peak in the file, which is consistent for all files. 
Concentration maximum location is given in fraction of file 
length. 

Cone. Maximum Point Values 
Location 67 92 203 352 462 803 

1354 1 1803 1371 -879 -1668 

-1355 -2 -1802 -1370 880 1668 

-2710 -3 -3605 -2740 1760 3335 

.25 1491 -269 2417 2355 -840 -2147 

.40 -141 -885 1261 1523 503 -1077 

.50 -760 -997 6 525 1198 -139 

.60 -1313 -935 -989 -435 1552 793 

.75 -2245 -670 -2358 -1594 1485 2266 
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calibration files, the position of a concentration turnaround may be 

approximated. Since the correlation noise changes only gradually with 

turnaround location, an approximation will still allow good accuracy 

through the higher frequency the change, the more accurate the 

approximation must be. The values of points 67, 352, and 462 would then 

be compared to the appropriate calibration to fully characterize the 

nonstationarity. The number of points to use and the sophistication of 

their analysis depends upon the accuracy desired and the random noise 

present and is only limited by the number of points in the file. 

Fortunately, once a calibration is complete for a certain input pattern, 

it should require few modifications. 

If there is more than one maxima or minima present in the file 

(Figure 5.4c), very extensive calibration becomes necessary. To avoid 

this, files of shorter length, though still long enough to include the 

longest retained eluent, may be collected. 

Once the nonstationarity has been identified, the noise directly 

under the principle peaks may be determined and removed. The 

calibration of this IIhidden ll noise was accomplished by affecting two 

simulations of output data - one possessing a certain concentration 

change and the other a change of equal magnitude but opposite direction. 

Assuming negligible random noise, by subtracting one of these files from 

the other we are left with only twice the noise of the first file as the 

principle peaks subtract out but the noise contributions add up (see 

Figure 5.5). When the concentration change has been calibrated, the 
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o 1 .2 
Displacement (min.) 

Figure 5.5. Correlation noise isolated from peak by subtracting 
correlograms of opposing concentration changes 

Dotted line represent peak's former position 
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noise under the principal peaks may be calculated and removed. If one 

is concerned only with peak height, this is a one point process; to 

integrate the peak, noise removal must be done over the entire peak 

width. The adjusted peak should then represent the average peak height 

or area of the peaks present in the output file. 

Ultimately, the resolution and accuracy of this analysis is 

limited by the random noise (including random nonstationarity) of the 

system. To determine the effects of this randomness on the technique, 

the simple evaluation process described was carried out on data files 

which showed various levels of random deviation from linear 

concentration changes. The results are shown in Table 5.2. Obviously, 

random deviations will increase error, but since these fluctuations are 

averaged in the correlation process, their effect is diminished. 

Thus we have seen that small changes in system response to a 

given input which might be difficult to detect and quantitate due to 

random fluctuations and noise, may be determined using multiple inputs 

and a deconvolution process to effectively average the results of the 

multiple signals. Points in a correlation noise pattern directly 

quantitate changes that occur over the length of an entire data file, 

making the change much more amenable to computer analysis. Finally, the 

analysis is very fast and continuous, constantly updating old data and 

giving new values for response changes and averages. It is a data 

handling method applicable to a variety of signals and its applications 

to process stream control, flow injection analysis and other continuous 

monitoring devices is direct and a viable possibility. 
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Table S.2: Effect on results of random deviations from linear changes. 

Conc. 
Change 

-S% 

-2S% 

-SO% 

All values are given in percent of initial concentration and 
those in parenthesis are expected averages. 

Random Calculated Calculated 
Deviation Conc. Change (%) Conc. Average (%) 

0% -S.7 97.S (97.S) 

1% -S.2 97.4 

2% -4.7 96.8 

0% -2S.3 87.3 (87.S) 

2% -2S.S 87.3 

S% -23.6 88.2 

0% -SO.4 74.8 (7S.0) 

2% -51.5 74.3 

S% -52.1 73.5 



CHAPTER 6 

SIMULATION OF COUPLED COLUMN SEPARATIONS USING CORRELATION TECHNIQUES 

While the last three chapters of this text have dealt almost 

exclusively with the use of correlation analyses in multiple injection 

gas chromatography, there are other areas where these techniques may 

also be applied. The specific area of application to be addressed in 

this chapter is that of multidimensional or coupled column 

chromatography. This is single injection work which will be done using 

reverse phase liquid chromatography. Though the same principles and 

advantages of the techni que are readily appl ; ed to gas chromatgraphy, 

reverse phase LC was chosen to expand the breadth of application of the 

method. 

Multidimensional Chromatography 

While there has been a great deal of use of the deconvolution 

operation to two dimenSionally separate combined functions (Jones 1967; 

Burrell and Armstrong 1983; Grant 1985) there has been little effort to 

simulate the results of combining two functions with the convolution 

operation. One application where such a simulation may be informative 

is in the area of multidimensional or coupled column chromatography. 

Multidimensional chromatography, or column switching, is a 

method of separation in which the carrier flow is changed by valves so 

113 
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that the effluent from any primary column can be directed to one of a 

number of secondary columns. Examples of some possible chromatographic 

networks are given in Figure 6.1. This method is most often used to 

separate samples which contain a large number of components and, though 

the applications are many, they all fall into two general categories. 

First, and perhaps most obvious, the coupled columns may be of 

different selectivities. This type of multiple column network might be 

used for samples which contain several groups of very different 

compounds. Where one given column may be very selective for one group 

of these compounds, it may be quite unsatisfactory for the other groups. 

A network similar to that shown in Figure 6.1b might be constructed to 

handle such a separation and each group of compounds directed to the 

column best able to handle its separation. 

The second category is the case in which columns are coupled 

which have the same separation modes but different efficiencies in their 

separation. Such a network is actually an alternative to temperature or 

solvent programming; it is used to decrease analysis time and provide 

sharper peaks by causing longer retained components to elute under 

different conditions than the less retained components. The simple 

network of Figure 6.1a illustrates this application of multidimensional 

chromatography (and will be the network used to illustrate the concepts 

and results of this chapter). Column #1 in this case is a column of 

relatively low efficiency which will separate the longer retained 

components in a sample (without inconveniently long retention times), 
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Figure 6.1. Possible coupled column networks for a multidimensional 
separation 
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but does not have the efficiency to separate the components of shorter 

retention times. These earlier eluting components, and only these 

components, are consequently directed onto column #2, a column of high 

efficiency which can separate relatively unretained compounds. 

Multidimensional chromatography is actually a more complicated 

technique than indicated by the short introduction just given. (Indeed, 

the reader might wish to refer to a few of the increasing number of 

papers being written .on the subject (Freeman 1980; Snyder 1970) for a 

more complete description of the method.) The number of columns 

offering different selectivities and/or efficiencies is, of course, 

quite large in either GC or LC and the best network to establish for a 

given separation may not be immediately apparent. The convolution 

technique about to be described is designed to help in this selection by 

allowing one to simulate beforehand the effects of hooking two or more 

columns together. 

Chromatogram Convolution 

Once again, we will use the fact that any input into an 

analytical instrument will convolve with the response function of that 

instrument t~ produce an output. This fact is explained in Chapter 1 in 

reference to multiple injection work, but the same principle will be 

used to develop this project. In this case, we will consider each 

column as a separate "instrument". For the first column of a network of 

columns, the input is a single injection and the response function of 

column #1 convolves with that injection spike to give an output. This 
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output then provides the input for column #2 at which time the response 

function of column #2 convolves with the output (or response function) 

of column #1. Following this to its conclusion, the chromatogram that 

results from hooking a number of columns together is a convolution of 

the response functions of each column in the network. These response 

functions may already be known or simulated or may be determined by 

injections of the sample onto the single column. Once these functions 

are determined, they can be convolved in any number of combinations to 

be able to simulate what would be final signals from various networks of 

coupled columns. The convolution that provides the desired separation 

will then indicate the best combination of columns to use. 

The "Partial" Convolution 

To illustrate the convolution operation that needs to take 

place, the two-column network of Figure 6.1a was set up. Figure 6.2 

shows the chromatograms of the separation of four alkyl benzenes 

(benzene, propyl benzene, n-butyl benzene and amYl benzene) on each 

column. Column #1 is a relatively low efficiency C8 column of about 

3500 plates, while column #2 is a higher efficiency C8 column provided 

by IBM Instruments with about 8500 plates at the 2 ml./min. flow rate of 

this experiment. Obviously, separation of this sarrple is accomplished 

on both columns and we expect that coupling the columns will only 

increase that separation. 

We are now faced with the question of how to accomplish the 

convolution operation. We ~o not want to convolve the file of 
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Figure 6.2a completely with the file of Figure 6.2b. Such an operation 

would convolve each peak in one file with all the peaks in the other 

file, resulting, in this case, in an obviously erroneous convolution 

file containing 4 x 4 or 16 peaks. Instead, peak #1 of file A must be 

convolved with peak #1 of file B, and so on. First, this type of 

convolution eliminates the possibility of doing the operation from the 

Fourier domain. An FT convolution is too general as it convolves entire 

files and cannot be easily modified to be area specific. The 

convolution must be done from the time domain, and even then, only the 

corresponding peaks in each file will actually be convolved, making this 

what might be called a "partial" convolution. 

The program written to do the convolution operation, TYMCON, 

must first run through a peak finding routine on each of the files to be 

convolved. The rest of the program is based upon the time domain 

convolution equation 
m 

y(T} = J ·x(t} h(T-t)dt (6.1) 

One file is displaced relative to the other and the summation of the 

results of multiplying overlapping points is accomplished. In a partial 

convolution only the overlapping points of the peaks corresponding to 

the same eluant (but in different files) are summed. Such specificity 

allows the program to correct for components that change elution order 

or, as will be shown, are merged in one file and separated in another. 
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2 . 4 6 8 time (min.) 

-
2 4 6 8 time (min.) 

Chromatograms of the separation of four alkyl benzenes 
on an a) low efficiency and b) higher efficiency column 
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Simulation Results 

The results of the simulation of coupling columns 1 and 2 for 

the separation of our four component sample are presented in 

Figure 6.3a.Figure 6.3b shows the results of actually hooking the 

columns together and r~nning the separation. The retention time 

accuracy of the simulation is quite good in this case. This factor is, 

of course, very dependent on the flow rate remaining stable whether one 

or several columns are attached to the pump. The simulated peaks are 

somewhat wider than the peaks of the real data file. This might be 

expected since by convolving two chromatograms, one is also combining 

two contributions to peak width of extra column volume. These simulated 

peak widths will also be determined by where the program finds peak 

starts and stops in the files to be convolved. Finally, the relative 

peak heights of the simulated and real data are very comparable. This 

will, however, not always be the case, as will be explained shortly. 

Having tested the program with these two more easily convolvable 

files, it was time to move to a more realistic and difficult situation. 

Figure 6.4 shows the chromatograms of the separation of a larger group 

of alkyl benzenes on columns #1 and #2, respectively. Actually, the 

chromatogram for column #1 (Figure 6.4a) may be only a part of the 

output of the column, but since it contains the data for the components 

which are directed into column #2, it is the only part of the output 

required by the convolution. 
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Figure 6.3. a) Results of convolving the chromatograms of Figure 6.2 
to simulate coupling their respective columns and 
b) of actually coupling those columns and running the 
separation 
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The difficulty in this analysis is due to the lack of separation 

of peaks 5, 6 and.7 (tert-butyl, sec-butyl and n-butyl benzene) in 

column #lls output. The convolution may still be done with no special 

treatment of the data to give silTlllated peaks that are in the right 

location as far as retention time, but peaks that are misshaped and 

quantitatively inaccurate. 

There are two options in providing the individual peak shapes of 

these three merged peaks. One may take the part of the individual peaks 

that are showing and, through curve fitting (perhaps using the equation 

for the Gaussian function) extrapolate the shape of the rest of the 

peak. The second alternative is to take a nearby, resolved peak in the 

chromatogram, make correction for peak height differences, and basically 

use that data"as a profile for the individual peaks which have merged. 

This was the option used in this study. Though this procedure provides 

only an approximation of actual peak shape, it should be remembered that 

simulations such as this are designed only to give as good 

approximations as possible in the first place. 

Consequently, peak #4 was chosen to profile peaks #5, #6 and #7 

for the ensuing convolution of the two files illustrated in Figure 6.4. 

The results of that convolution are given in Figure 6.5a and the file 

collected from actually coupling the two columns and injecting the 

sample is provided for comparison in Figure 6.5b. Again, the retention 

time accuracy of the simulation is adequate; inconsistencies seem to be 

from nonreproducible flow rates by the pump. Peak widths, as explai~ed 

earlier, are somewhat greater in the simulation than the collected data. 
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Chromatograms of the separation of a series of eight 
alkyl benzenes on the a) low efficiency column and 
b) higher efficiency column 
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a) Results of convolving the chromatograms of Figure 6.4 
and b} of actually coupling the columns and running 
the separation 
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In relation to simulating peaks with accurate retentions times 

and widths, the method used to construct individual peak shapes from 

within a merged peak window was successful. One problem does show up in 

the apparent inconsistency between the relative peak heights of 

Figure 6.5a and 6.5b. Several simulation peaks, especially peak #1, do 

not have the amplitude that the real data indicates they should. Since 

this problem did not occur with the completely separated component 

files, the reason for this amplitude loss seems 'to lie in determining a 

peak's true height when it is in a merged peak envelope. Though it 

would greatly increase the complexity of the evaluation procedure, a 

curve fitting algorithm might indeed be used to provide separate peak 

shapes and heights from a set of merged peaks. Even with such an 

algorithm, simulations with accurate peak heights will probably be 

difficult, especially with files with a good number of merged peaks. 

Fortunately, when trying to simulate a coupled column separation, peak 

positions and widths (i .e. is the component of interest well separated?) 

are more important than peak heights. 

The technique just described is just the first step in 

developing simulations based on convolution techniques. If one has 

information available on the effects of given steps in an analysis (e.g. 

a solvent extraction), it is plausible to convolve those effects with 

one's data to get an idea of the effect of a series of such steps before 

they are taken. With development and a minimal amount of information, 

these simulations could aid in mapping out optimal methods of analysis 

and help reduce experimentation time and effort. 



CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

As stated in the first chapter, the goal of this study was to 

present CC (and correlation techniques in general) as viable tools which 

are suitable for practical use in chromatography. Hopefully, this has 

been done. These methods are now available and, due to the presence of 

autoinjectors and microprocessors in most new chromatographic systems, 

are easily implemented. Correlation work is complementary to the 

development of better chromatography and may be applied to any detector 

output to improv~ its s;gnal-to-noise ratio. Finally, like most data 

processing techniques, correlation is flexible enough to be applied to 

areas other than chromatography. 

The main hindrance to the increased use of correlation 

techniques at this point is probably the lack of user understanding. 

For example, most of the literature on CC states that a stream switching 

input under PRBS control is a necessary part of the method. Though this 

input does simplify the mathematics somewhat, on today's computers this 

means a difference of only a few seconds computation time. A multiple 

injection input may indeed be used. The interval between injections 

should not be binary, but be as random as possible within the limits 

126 



127 

that must be imposed. We found no advantage to severely overlapping 

peaks (this is, in fact, counterproductive), so even the smallest 

intervals should allow near baseline separation of subsequent 

injections. 

When applied to correlation chromatography, the multiplex 

advantage is basically the advantage of averaging. Whether one ;s 

attempting to detect and quantitate a small concentration sample 

(Chapter 4) or a small concentration change over a period of time 

(Chapter 5), using multiple injections followed by correlation 

techniques will improve the accuracy of one's results. But, this 

signal-to-noise enhancement is still gained through the same process as 

that of ensemble averaging and the two techniques are very related. 

This relationship becomes even more apparent when the sample one is 

working with becomes more and more complex. As the number of components 

in the sample get larger, or the variance in concentration levels gets 

greater, the larger the injection intervals will probably need to be and 

the more like ensemble averaging correlation work becomes. Eventually, 

with more complex samples, one must 'consider it the SIN enhancement 

being attained is worth the time being spent in that effort. 

However, correlation techniques should ·not be thought of as 

being confined to multiple injection work. Frequency filtering and 

resolution enhancement are examples of what may be done with convolution 

and deconvolution operations on single injection chromatograms. The 

simulation of coupled column separations based on the convolution 
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operation holds a great deal of promise for the field of methods 

development. In Chapter 6, two C8 columns of different efficiencies 

were used, but the range of possibilities is much larger than this. 

Columns with C2, C8 and C18 length stationary phases could be coupled 

for examples with a very large variety of component types. Size 

exclusion or ion exchange columns can be used in a network to introduce 

different separation modes into an analysis method. The contributions 

of each of these columns to the final information-containing signal can 

then be simulated using convolution techniques. The effects of sample 

preparation steps carried out before the actual separation can also be 

included in the simulation. To get a good approximation of the results 

of an analysis method before it is carried out would indeed change 

methods development procedures and might truly be considered computer 

aided chemi stry. 

Finally, correlation techniques should not be thought of as 

being confined to chromatographic applications. As described in 

Chapter 1, chromatography was the best vehicle for the study of the data 

processing capabilities of correlation techniques, but these methods are 

much more general in their possible use. Many analytical techniques in 

spectroscopy, electrochemistry, and other areas may be run in a multiple 

input, multiple pulse or multiple data taking mode. Flow injection 

analysis is especially suited to allow multiple input sequences of 

sample. Many electrochemical techniques allow multiple pulse inputs as 

do several of the spectroscopies (e.g. fluorescence). For monitoring of 
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flowing streams, one may wish to take data at random intervals anrl run a 

correlation of that data with the interval pattern used. This would 

allow the use of the concentration monitoring technique described in 

Chapter 5 and, consequently, increased sensitivity to concentration 

changes. 

In general, the data processing techniques described have a wide 

range of applications. Besides the possibilities just described they 

can be used to extract information not initially apparent from detector 

output, convert output data to a form more amenable to computer analysis 

and combine (or separate) information from different sources to give 

better understanding of the interaction between them. Last but not 

least, information extraction methods such as those described will be 

especially needed. for processing data from the new remote sensing probes 

and chemi cally spec; fi c sensors (such as the so-call ed "optrodes") that 

are now being developed. Data from these probes will be very rough and 

will need processing and correlation methods may well playa role in 

this work. 

To fully complete the picture of the application of correlation 

techniques to chromatography, it seems appropriate to both review some 

of the other work done in the area and speculate as to what research 

might be done in the future. The first project, the construction of 

isotherms for capillary columns, was done in this lab. The last three, 

the use of thermal and light pulses to create modulation, 

chromatographic system evaluation, and the use of transforms other than 
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Fourier's, will be summarized from the literature and critiqued as to 

their future possibilities. 

Construction of Capillary Column Isotherms 

Since their development, capillary columns have received 

continually increasing attentiori and use in the field of chromatography. 

Due to their large number of theoretical plates and, therefore, high 

efficiency, very complex samples may be quickly separated and resolved 
'! 

on these columns when packed columns would fail. The problem with 

capillary columns is that they are very narrow and, therefore, easily 

overloaded. One must realize that when using one of these columns, it 

will very often be working in the nonlinear range of its isotherm. Due 

to this narrow dynamic range, there is a need to accuarately develop 

isotherms for capillaries. 

The general method of isotherm construction using single 

injections requires that one use very dilute samples, sample splitters, 

or both. This can be a very tedious process if one takes pains to 

ascertain sample concentrations, injection size and splitter 

reproducibility, and it can be a very inaccurate process if one does 

n~. 

The use of multiple injections to accomplish isotherm 

construction is design~d such that injection size and concentration may 

be maintained at a constant level. This removes much of the error of 

sample preparation and injection. Instead of increasing solute volume 

or concentration, isotherms are developed using the fact that as 
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multiple injections are made at gradually higher frequencies, the 

resulting peaks are overlapped more and more. This overlap gradually 

raises the apparent baseline concentration level and the column being 

used is slowly overloaded and driven into nonlinearity (Figure 7.1). 

Computer control of the input allows precise setting of the injection 

frequency and, thus, of solute concentration on the column at any time. 

Any random fluctuations that do occur during the injection series will 

be largely averaged out by the same averaging process that provides the 

multiplex advantage of this technique. 

Upon doing a series of experiments in attempting to construct an 

isotherm in the manner described, decreased retention times did occur as 

injection frequency was increased and peaks overlapped more and more 

(Table 7.1). The theory of overloading a column by overlapping multiple 

injection peaks is sound, but two problems curtail its practical use. 

The first is an experimental limitation; to overlap peaks as narrow as 

those obtained with capillary columns requires injection frequencies 

somewhat higher than that which can be attained with the Seiscor valve 

used in this study. The reproducibility of this injection system, 

including the hardwired pulse width controller, solenoid and Seiscor 

valve was found to deteriorate badly at injection speeds greater than 

. one Hz. Gi ven capi 11 ary col umn peaks with wi dths of about three 

seconds, with this limitation we can only hope to overlap subsequent 

injections about 1/3 of a peak width. This allows concentration ranges 

by multiple injection of only 1 to 1.4 times the original solute con-
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Figure 7.1. Raising baseline concentration due to increasingly high 
injection frequencies and their corresponding points on the 

column's isotherm 



Table 7.1 Decreased retention volumes due to increasing solute 
concentrations and injection frequencies 
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The column being overloaded in this experiment is a 1/16" x 4" 
Porasil C packed column 

100 PPM 1000 PPM 2500 PPM 
Time between Retention Vol. Retent ion Vol. Retention Vol. 

inject ions (ml. ) (ml. ) (ml. ) 

3 sec. 12.0 7.0 

5 sec. 12.8 8.5 

10 sec. 25.3 14.0 11.1 

15 sec. 27.1 15.9 12.7 

20 sec. 29.5 18.0 14.2 

00 30.5 20.3 18.0 
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centration. Since the preparation of several sample concentrations will 

probably still be necessary because of this fact, the technique becomes 

less appealing. 

The second problem is somewhat more theoretical. In order to 

construct an isotherm, one needs to know the exact amount of solute that 

was injected onto a column to give a certain retention time. In the 

multiple injection method, one must know the effective concentration 

that is seen by the column due to both input concentration and injection 

frequency. As it turns out, this effective concentration is rather hard 

to calculate. The overlap of neighboring peaks (which will be 

determined by peak shape) and its effect on retention time and 

subsequent peak shape is difficult to model. Information on peak 

interaction all the way down the column is needed, and the only 

information given is what the interaction looks like at the detector. 

If the peaks are assumed to be Gaussian during the entire elution, the 

maximum concentration follows the plot given in Figure 7.2. Note that 

as the peaks widen during their elution, their maximum concentration 

drops exponentially, but as the wings of neighboring peaks overlap that 

maximum, this widening is compensated for and the concentration levels 

off. Unfortunately, peaks from an overloaded column are not Gaussian 

(see Chapter 1) and, though indicative of what is occurring in the 

column, this model is inaccurate. The only way to overcome this problem 

is to either come up with a better model or calibrate injection 

frequency and concentration with a single injection isotherm for each 

column (thus defeating the purpose of the project in the first place). 
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Considering these two problems, this project was abandoned for 

the time being. To resurrect this research will require, first, the use 

of a faster switching autoinjector (possibly a fluidics switch) and the 

development of a model which will provide peak shape for highly tailed 

peaks all the way down a column. Related to this project, and possibly 

of more interest, is the adding of compounds to a sample which will 

cover high energy sites of a column packing support, for example, and 

reduce tailing of the sample's peaks. With these compounds in the 

sample instead of the carrier phase as is generally done, one would have 

greater flexibility in the choice and concentration of these compounds 

for each analysis without having to switch the carrier phase each time. 

Light and Thermal Pulse Inputs for Correlation Work 

In most any instrumental analysis, whether in chromatography, 

spectroscopy or electrochemistry, one is interested in the instrument 

response function (IRF) of an instrument to a sample. It is hope that 

the perturbation caused by the sample's presence will be unique enough 

to allow identification and quantitation of that sample. However, 

perturbations caused by inputs other than sample introduction are often 

also of interest as they may provide useful information for future 

sample analyses. 

An example of this type of study is given by Valentin, Carle and 

Phillips (1982) and Pawliszyn and Phillips (1982) in papers on the 

effects of temperature pulses on retention in liquid and gas 

chromatography, respectively. These experiments require that solute be 
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constantly circulating through the system. This will, of course, give 

an elevated baseline in the detector output. The authors noted that a 

temperature pulse (caused by passing a current through part of the 

column, thus heating it by ohmic resistance) caused derivative shaped 

responses from the system. This result is expected since such heating 

ought to cause the release of retained solute followed by its uptake as 

the area cools. This sample lIinjection" is then separated by the rest 

of the column to give the instrument response to a temperature pulse. 

It was suggested that this technique could be used for the 

analysis of large volumes of low concentration sample. By circulating 

the pure sample conti nuously through the chromatograph, no diluti on 

occurs. By using multiple temperature pulses and the same correlation 

technique used throughout this study, one can build up the response 

function's SIN ratio by the square root of the number of pulses. 

Through both of these advantages, th~ technique's application to trace 

analysis becomes viable. 

The point of this example is that the correlation technique may 

be applied to perturbations (other than sample input) which do not give 

a large response. Thermal pulses are only one of several such 

perturbations which may be applied to a system to note their effects. 

Within the field of chromatography, it has been shown that light pulses 

directed onto glass capillary columns can cause a reaction between 

solute and stationary phsae (Pawliszyn and Phillips 1982). One would 

expect that a series of randomly spaced light pulses could be directed 
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onto such a column and, after running the deconvolution operation, find 

the IRF to light. Outside of chrolMtography, light may also be applied 

to photosensitive electrodes or fluorescing compounds (Hieftje and 

Haugen 1981) to determine the IRF of these systems. The possibilities 

are numerous as perturbations such as potential, current, wavelength, 

etc., may be applied in any input pattern desired as that input will be 

deconvolved from the results in the end. The shape, location, and size 
. 

of the IRF will be preserved, yet the SIN ratio will be improved. 

Depending on the desired information, the application of correlation 

techniques to such investigations seems natural. 

Evaluation of System Contributions to a Signal 

Deconvolution has become a popular tool to remove unwanted 

instrument contributions to a signal due to the extent to which it can 

remove one signal component from another. For example, while baseline 

subtraction is a one dimensional correction, deconvolution is a two 

dimensional correction and may be used to adjust the location, shape and 

magnitude of a signal. 

With this in mind, two studies to determine the contributions of 

the injector and detector to peak width and shape in GC (Dwyer 1973) and 

LC (Wright, Villalanti and Burke 1982) were accomplished using 

deconvolution. Both groups based their investigations on the fact that 

a peak width (or variance) is actually the sum of the variances imposed 

on it by the injector, column and detector. 

a2total = a2inj + a2
col + a2det (7.1) 
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This same concept may be expressed by the fact that peak width is the 

result of the convolution of the transfer functions of the injector, 

column, and detector. This may be expressed as 

Y(t) = Hinj (t) * Hcol (t) * Hdet (t) (7.2) 

By removing the column and using an injector that contributes 

negligable broadening compared to that of the detector, Hdet (t) may be 

isolated since it will be equal to the output Y(t) for that system. By 

then using a modified, low volume detector, the transfer function of the 

injector, Hinj (t) may be isolated in the same manner. 

With Hinj (t) and Hdet (t) determined, any chromatogram may be 

modified to remove broadening due to the injector and/or detector. In 

this way, one can actually do a system evaluation and determine which of 

its parts most negatively affect th~ signal~ Taking this a step 

further, by deconvolving an unretained eluent peak from all other signal 

peaks, the widening and retention due only to solute - stationary phase 

interactions may be determined. Since we expect all extra-column 

broadening to be the same for every peak in the chromatogram, the 

Fourier transform may be used to do these deconvolutions. 

Next to frequency filtering, deconvolution is probably the most 

used of the correlation techniques. It is often used to remove a 

constant background or other unwanted function that may be isolated and 

identified, such as instrument broadening functions (Burrell and 

Armstrong 1983). Future research in the area wi 11 probably be di rected 

in, first, being able to accurately isolate (or, at least, simulate) the 
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separate contributions to a signal that may be composed of the. effects 

of several parameters. This, in itself, is a major challenge of data 

processing, but one that provides very useful information when 

accomplished. Another direction of research may be in finding better 

ways of doing the deconvolution itself. Deconvolution in the time 

domain is an example of an operation that may take more computations, 

but is more flexible than when using the Fourier transform. Actually, 

the FT limits the operations one may accomplish without introducing 

severe data distortion. 'Ising other transform (as explained in the next 

section) may well overcome this difficulty. 

Use of Transforms Other than Fourier's 

From the course of this discussion, it is apparent that the 

Fourier transform plays an integral role in correlation work. As 

explained in Chapter 1, the FT is a tool which simplifies the 

determination of a correlation function by lowering the number of 

necessary computations. However, the FT is only a tool and, in fact, it 

is not the only one available for the job. 

Brigham (1974) makes a good comparison of transforms to the 

logarithm operation. If one wants to use a logarithm operation to do a 

multiplication, the following procedure is required. 

x * 

! log 

X' + 

y = 

1 log 
yl = 

z i antilog 

ZI 
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The logarithm is used to put values X and Y in the proper form to allow 

their addition (instead of their multiplication) to determine their 

product. From the log format, the product is then returned to IInormalll 

form and Z is the same as it would have been had we simply multiplied X 

and Y and never used the logarithm transform method. 

The Fourier transform is a method for putting two files in the 

proper format to allow one of the correlation operations to be 

accomplished on those files more easily. The format, in this case, is 

frequency, but stated more generally the data is also in a displacement 

(T) format. For this reason, when doing a correlation procedure on two 

files, the data does not have to be displaced for each multiplication 

when in the Fourier domain as it does when in the time domain. 

Actually, any transform that puts data into displacement format may be 

used to do the correlation operation. 

The Hadamard transform, which can be based on the Walsh 

functions, has been used in spectroscopy (Decker 1972), pattern 

recognition (Kowalski and Bender 1973) and correlation gas 

chromatography (Kaljurand and Kuilik 1978). It is very similar to the 

FT but uses square wave functions elsal ll or II ca"') instead of sine or 

cosine waves (Figure 7.3). The Fast Hadamard transform (FHT) is based 

on the same algorithm as the FFT and reduces necessary calculations by 

the same amount. 

The Hadamard transform is not nearly as well known or used as 

the Fourier transform, but actually it has a few advantages over the FT. 
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Figure 7.3. The first four Fourier and Walsh functions 
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First, because the elements of the transform matrix must be positive or 

negative unity, the matrix operations involved in the FHT are limited to 

additions and subtractions. The FFT requires that these operations be 

multiplications and divisions, which takes much more computer time. 

Also, Walsh functions are discrete and not continuous like the 

trigonometric sine and cosine functions. This characteristic is much 

more condusive to the necessarily discrete data to which we need to 

apply the transform. Many of the limitations and problems imposed by 

the derivation of the discrete FT from its continuous form (as outlined 

in Chapter 1) may be avoided when using the Hadamard transform. 

The Hadamard - Walsh transform is only one of many transforms 

that may be derived from the general transform equation (Ahmed and Rao 

1975). 

B{n) = liN T{n)* X{n) 

where X(n) = the data file to be transformed, 

T(n) = the transform matrix and 

B(n) = the transformed file. 

(7.3) 

Included in this family are the Haar, slant and discrete cosine 

transforms and fast algorithms to compute these three have also been 

derived. By specific manipulation of T(n), a host of matrices may be 

designed to best transform the data one has collected. The transform of 

choice would be dependent upon the type of data with which one is 

dealing. For example, the square wave nature of the Hadamard transform 

makes it especially appropriate for use with data of a square wave 

nature, such as a photon counting output. 
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One of the points of this section is that some of the future 

work in correlation techniques must be in the field of mathematics. 
-

Collaboration between math and chemistry has only recently occurred to 

much extent (Kowalski 1978). This trend will probably continue since 

the computer has made the application of mathematical treatments as easy 

as pushing a button. Research into these treatments will, however, 

require an understanding of what actually occurs when that button is 

pushed. For research into improving correlation techniques, this 

includes the study of the various transforms that may be best used to do 

a given correlation operation. 



APPENDIX A 

COMPUTER PROGRAMS USED IN THIS RESEARCH 

The following programs were written for use in the multiple 

injection correlation chromatography research. This list is provided 

for future investigators and to provide insight as to the programming 

steps used to give the results presented in this dissertation. Unless 

indicated, all programs were written in FORTRAN and run on the IBM 9000 

lab computer. 

RANDOM A program written in BASIC to generate and store a file of 
random numbers whose limits are set by the operator. 

I NPT2 - The program written to load a random number file, make 
injections at the intervals set by those numbers and collect 
and store the resulting data. 

FRA - The initial deconvolution program which loads the data file 
collected by INPT2, extracts the input pattern from it, and, 
using the Fast Fourier Transform, runs the deconvolution 
operation. 

SSFFT - The Fast Fourier Transform subprogram. 

FTTAK - The program to take and plot the Fourier transform of any 
data file. . 

FRA2 - A version of FRA which takes and plots the Fourier transform 
of the input pattern, output, or deconvolution result. 

TRUNCT - A version of FRA which offers several truncation functions 
besides the most commonly used rectangular truncation. 

145 
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RESOL A version of FRA which allows various resolution enhancement 
functions to be run on a data file. 

FRABAS - A version of FRA which allows baseline subtractions to be 
done on the output before the deconvolution operation. 

DMAKE - This program combines an output file of high SIN ratio with a 
noise file which can be multiplied by some factor to give a 
summation file of accurately known signal-to-noise ratio. 

SIMUL - This program takes an output file of constant concentration 
level and simulates a given concentration change onto it. 

TDCON - The program to convolve two chromatograms in the time domain 
to simulate a coupled column separation (see Appendix C). 

S1S0 - A program to calculate the concentration of each peak center 
during its elution down a chromatographic column. Gaussian 
peaks are assumed all the way down the column and the effects 
of overlapping peaks due to a multiple injection input are 
considered. 



APPENDIX B 

THEORY, CALIBRATION AND EVALUATION OF CORRELATION NOISE 

Since Chapter 5 was written as a paper for publication, it did 

not include many of the details of the project for the analysis of 

correlation noise to obtain information on concentration 

nonstationarity. The theory given in Chapter 5 to explain the 

appearance of correlation noise is brief and simple and appropriate for 

a general paper, but it does not really exp1ain why correlation noise 

appears nor does it explain the correlation noise that occurs due to 

retention time nonstationarity. Also, many of the steps of the 

calibration and analysis procedures were left untreated. These points 

are, however, quite important for a good understanding of the 

technique's application and this appendix is provided so they might be 

explained. 

Nonstationarity and Correlation Noise 

To understand why correlation noise occurs, one must first 

recall that a correlogram is developed through a series of displacements 

of one file relative to another. As reviewed in Figures 1.3 to 1.5, a 

correlation peak occurs at the displacement equal to the retention time 

147 
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of a solute because at that point the spikes representing injection 

points and the output peaks "l ine Up" very well (i .e. they have a great 

deal of correlation). At all displacements outside of peak retention 

times, these spikes should line up at random points in the output file 

to give a constant, relatively low correlation value and, thus, a flat 

baseline in the correlogram. If, however, the solute concentrations or 

retention times have not been consistent or stationary during the course 

of data collection, one displacement's results will not be equivalent to 

another's and correlation noise will result. 

It should not be surprising that the amplitude of a correlation 

noise point (i.e. at a given displacement) will change linearly with 

changes in concentration that follow a certain pattern (Figure 8.1). As 

an example, let us imagine a cross correlation operation. At a certain 

displacement X, let us focus on one particular output peak over which an 

injection spike has randomly lin~d up. This point of lining up on our 

peak now provides a portion of the final correlation value for that 

displacement. If that output peak is suddenly reduced in size by 25%, 

we expect the value of point X in the correlogram to also be reduced 

somewhat. If that same peak is reduced by 50%, we expect the 

correlogram value of X to be reduced twice the amount it was in the 

former case. This same effect occurs for every peak over which an 

injection spike lies and, since the reductions are additive, the value 

of displacement X in the correlogram will linearly represent all these 

peak size changes in the output file. 
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Figure 8.1. The amplitude of a point in a correlation noise pattern 
versus the magnitude of a linear concentration change 
during collection of the data in that file 
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A change in retention time during data collection is, however, a 

different story. This type of ndnstationarity actually moves peaks 

around in the file. Injection spikes do not line up with peaks that 

show simple amplitud,e changes, but line up now with different points of 

the Gaussian profile. For small retention time changes, one might " 

expect to see some consistency in the change of correlation noise peaks 

and valleys with the magnitude of the retention time shift, however, one 

would not expect this change to be linear. As shown in Figure 8.2, this 

trend is indeed, what will generally result. Though conceivable, it 

would, in fact, be rather difficult to accurately calibrate and 

quantitate retention time changes that occur during data collection. 

The Calibration 

"The calibration starts with two calibration files (mentioned in 

Chapter 5) \'/hich have the same magnitude of constant concentration 

changes; but changes that occur in opposite directions (Figure 5.4). 

The two files used in this study were HU7SC and HD7SC. THe file name 

HU75C stands for a heptane sample increasing in concentration from 75% 

to 100% of a set peak height (U for up) and HD75C for the same sample 

decreasing in concentration from 100% to 75% of that same height (D for 

down) • 

Once the correlograms are calculated from the outputs, a certain 

number of points (four in this example) are chosen for the calibration. 

Table 8.1 gives the values of HU7SC and HD7SC for these points. They 

are chosen such that they are of large amplitude but still in separate 
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Figure 8.2. The amplitude of a point in a correlation noise pattern 
versus the magnitude of a linear retention time change 
during collection of the data in .that file 
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locations in the correlation plot. Ideally, the amplitude of any point 

in file HU75C will be the exact negative value of that same point in 

file HD75C. However, if the concentration change of these calibration 

files is experimentally simulated or computer simulated on a real data 

file (as done in this study), random contributions of that raw data to 

correlation values will change the magnitudes of matching points in the 

two files. Averaging of the absolute values of the two points, followed 

by restoration of the proper sign for a given direction of concentration 

change, will remove all of this random error in the latter of the above 

cases and at least reduce it in the former of the two. These averages 

(given in Table 8.1) now reflect the values we expect for a linear 

concentration increase of the magnitude in file HU75C. 

The correlation noise under the signal peak now needs to be 

calibrated. In this analysis, we will only be concerned with peak 

height; integration would require the repeated use of the same process 

for every point under the signal peak. As explained in Chapter 5, the 

peak heights of the two files are subtracted to remove the ~ignal's 

contribution and, thus, isolate the correlation noise. This difference 

is then divided by two to remove this factor that was introduced in the 

subtraction process. This value represents the amount of noise we can 

expect under the signal peak for file HU75C. 

The only other figure needed before the calibration is complete 

is the maximum peak value of the output used for the calibration. This 

value is obtained directly and will be used in the calculations 

necessary in the evaluation procedure. 
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Table 8.1 Calibration procedure using files HU75C and HD75C 

Calibration pts. 

67 203 352 803 

HU75C -1353 -1867 -1444 1767 

HD75C 1356 1738 1297 1569 

Ave. for 25% -1355 -1802 -1370 1668 
conc. decrease 

Correlation noise 
under = 18644 - 17560 = 542 

2 peak maximum 

Maximum peak 
amplitude in = 20,690 

output 

Peak Value 

17560 

18644 
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The Evaluation 

The first step in analyzing a file of unknown concentration 

change is to determine if a concentration maximum or minimum has 

occurred. This is done (as mentioned in Chapter 5) by comparing the 

points of zero crossing of the given file to points of zero crossing for 

known patterns of concentration drift. Once the pattern type has been 

specified, the magnitude of the range of concentration change may be 

determined. For the following evaluation, we will assume a linear 

concentration change has been found. 

When a file of unknown concentration change is taken, the values 

of our four calibrated points are determined. Using the calibration 

results, these values are then converted to apparent percentage 

concentration change. The range of these percentage values gives one an 

idea of the extent of the random fluctuations and noise we are dealing 

with in the file and if we should perhaps be using more than four 

calibration points for the analysis. The results of these four 

percentage values are averaged to give an apparent average percentage 

concentration change. Using this value, the correlation noise under the 

signal peak may be determined and removed. 

The average percentage change which has been determined at this 

point is termed apparent because it is only true in the format of the 

calibration file. Correlation noise is as dependent on the average 

output concentrations as it is on the amount of concentration change in 

the file, so a correction for peak height needs to be made. If, for 
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example, each point in the output of our calibration file is doubled, 

each point in the correlogr.am must also double. Though the percentage 

of concentration change would remain the same in such a case, the 

"apparent" percentage would see it as having doubled and our results 

would be off a factor of two. 

The factor needed to convert our apparent percentage to a true 

percentage concentration change is simply a ratio of the average output 

peak size of our calibration file (corrected to what it would be if the 

true percentage change had actually occurred in it) and the average peak 

size of the evaluation file itself. This conversion starts with the 

equation 

Apparent percentage * 
conc. change 

average peak height in 
calibration file 

average peak height in 
evaluation file 

= . True percentage 
conc. change 

The usable form of this equation proceeds as follows. Letting 

x = amplitude of smallest peak in calibration file output (8.2) 
amplitude of largest peak in calibration file output 

means that 

(I-X) = True fractional concentration change (8.3) 
(in fraction of largest peak) 

Obvi ously, 

ave. peak height in 
calibration file 

= 0.5 (largest peak height + 
smallest peak height in file) 

Combining equations 8.2 and 8.4 gives 

ave. peak height in 
calibration output file 

= 0.5 (largest peak height + 
X * largest peak height in file) 

(8.4) 

(8.5) 
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Taking all these equations and realizing that the average peak height of 

the evaluation file equals the corrected signal peak of the evaluation 

file correlogram previously calculated, gives the final form of 

equation B.l. 
largest peak height in 

0.5 * calibration file + X * largest (B.6) 
Apparent percent peak height in calibration file = (I-X) 
conc. change corrected correlogram signal peak 

.Once all-the appropriate values have been substituted, it is then just a 

matter of solving for X or (I-X) to find the extent of the concentration 

change that has occurred. 



APPENDIX C 

THE TIME DOMAIN CONVOLUTION PROGRAM 

The convolution operation is fairly well known and a discussion 

of its principles and theory is presented in other literature {Brigham 

1974; Godfrey 1980}. However, since Chapter 6 is a new application of 

the time domain convolution equation, this appendix is provided to show 

the heart of the program TYMCON and point out the steps necessary in 

convolving chromatograms. This listing starts out after a peak finding 

routine has determined the peak starts and stops of each chromatogram. 

C 
C ARRAYS USED 
C ARAY - FIRST DATA FILE AS TAKEN FROM DISK - SHORTER Trls 
C BRAY - SECOND DATA FILE AS TAKEN FROM DISK - LONGER Trls 
C SUM - CONVOLUTION RESULT 
C 1ST - STARTS OF PEAKS IN FIRST FILE 
C lEND - STOPS OF PEAKS IN'FIRST FILE 
C JST - STARTS OF PEAKS IN SECOND FILE 
C JEND - STOPS OF PEAKS IN SECOND FILE 
C IDlE - DISTANCE IN POINT NUMBER MERGED PEAK IS FROM PEAK WHOSE 
C SHAPE IS TO BE USED IN CONVOLUTION 
C IFAC - QUANTITATIVE FACTOR OF MERGED PEAK HEIGHT/REPLACEMENT 
C PEAK HEIGHT TO CORRECT CONVOLUTION RESULTS IN USING THE 
C REPLACEMENT 
C 
C NPTP = NUMBER OF DATA POINTS IN EACH FILE 
C WRITE OUT THE NUMBER AND LOCATION OF PEAK STARTS AND STOPS TO SEE IF 
C ACCEPTABLE TO OPERATOR. IF NOT, REnO PEAK FINDING ROUTINE WITH 
C DIFFERENT PARAMETERS 
C 
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320 WRITE (*,340)IUP,IDN,JUP,JDN 
340 FORMAT( 'ARRAY A HAS',I2'STARTS AND' ,12, 'STOPS',/,'ARRAY R HAS', 

1I2,'STARTS AND' ,12,'STOPS.') 
DO 343 ICT=l,IUP 
K=I ST( ICT) 
L=JST( I CT) 
KN=I END( I CT) 
L N=JE ND( I CT) 

343 WRITE(*,341)ICT,K,KN,L,LN 
341 FORMAT( 'PEAK#', 14, 'A: FROM', 14, 'TO' ,14,/, 

l'AND B: FROM',I4,'TO',I4) 
WRITE(*,342) 

342 FORMAT('ACCEPTABLE? (1 FOR NO)') 
READ(* ,25) I 1 
IF(I1.EQ.1)GO TO 300 

C 
C CHECK FOR MERGED PEAKS 
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C THIS SECTION CALLS FOR MERGED PEAK DATA TO BE ENTERED BY THE OPERATOR 
C THIS DATA COULD BE AUTOMATICALLY EXTRACTED FROM THE FILES BY THE 

PROGRAM. 
C 

WRITE (*,330) 
330 FORMAT('ARE THERE MERGED PEAKS (l=YES)') 

READ ( * , 2 5) I 1 
IF(I1.NE.l)GO TO 334 
WR ITE( * ,331) 

331 FORMAT('INPUT MERGED PK. # AND REPLACEMENT PK. TO USE FOR 
CONVOLUTION' ) 
READ(*,265)IMP 
READ(*,265)IRP 
IST(IMP)=IST(IRP) 
IEND(IMP)=IEND(IRP) 
ISHD(IMP+1)=ISHD(IRP+1) 
WRITE(*,332) 

332 FORMAT( 'INPUT DISTANCE MERGED PEAK IS FROM REPLACEMENT' ) 
READ(*,265)IDIS(IMP) 
WRITE(*,333) 

333 FORMAT('INPUT FACTOR - MERGED PK. HT./REPLACEMENT PK. HT.') 
READ(*,275)FAC(IMP) 
GO TO 320 

C 
C CHECK FOR CHANGE IN PEAK ORDER BETWEEN FILES 
C 
334 
322 

HRITE("-,322) 
FORMAT( 'INPUT PEAK # OF 1ST FILE THAT HAS CHANGED POSITION (0 
FOR NONE)') 
READ( *, 25) 11 
IF(Il.EQ.O)GO TO 370 
WRITE(*,325) 



325 FORMAT('INPUT NEW PEAK # IN 2ND FILE') 
READ(*,25)I2 

C 

J SHLD=J ST( 12) 
J EHLD=JE ND( 12) 
J ST( 12) =JST( I1) 
J END( 12) =J END( II) 
J ST( I1) =JSHLD 
J END( 11) =JEHLD 
GO TO 320 

C THE CONVOLUTION PROCEDURE 
C THE VARIABLES M AND N SET LIMITS OVER WHICH CONVOLUTION WILL BE 
C ACCOMPLISHED 
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C THE IF STATEMENT CONDENSES THOSE LIMTS IF CONVOLUTION STARTS INCLUDING 
C A SECOND (GENERALLY MERGED) PEAK 
C 
370 DO 380 I=1,NPTP*2 
380 SUM(I)=O.O 
C 

400 
410 
C 

DO 410 ICT=1,JUP 
K=IST(ICT) 
L=JST(ICT) 
M=K+L+ I DIS(ICT) 
KJND=JE ND( I CT) 
N=IEND(ICT)+JEND(ICT)+IDIS(ICT) 
DO 410 I=M,N 
I NTW=I-M 
DO 410 J=O, I NTW 
KJ=K+J 
KB=KJND-I NTW+J 
IF((KJ.GT.ISHD(ICT+1) ).AND.(ICT.NE.JUP))GO TO 410 
ADD=ARAY(KJ)*BRAY(KJND-INTW+J)*FAC(ICT) 
SUM(I)=SUM(I) + ADD 
CONTINUE 

C RETURN TO MAIN MENU 
C 
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